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PAPERS 


MISSISSIPPI RIVER BRIDGE DUBUQUE, IOWA 
BERGENDOFF! AND JOSEF SORKIN,? MEMBERS, ASCE 


number unique and interesting features have been incorporated the 
Julien Dubuque Bridge, opened August 31, 1943, for highway traffic across 
the Mississippi River between Dubuque, Iowa, and East Dubuque, Ill. Not 
only the 845-ft main channel span the second longest clear span across the 
Mississippi River, but the 1,537-ft three-span continuous truss which 
forms the central span the longest its type the world. There are only 
two similar structures North America—the Saint Lawrence River Bridge 
west Montreal, Que., Canada, and the Meramec River Bridge south St. 
Louis, Mo., both which have much shorter arch spans (400 and 264 ft, 
respectively). 

The 1,537-ft three-span continuous structure supported eight shoes, 
all expansion type. bearings are 8-ft-long rocker columns; intermediate 
bearings have shoes riding nested rollers. the east end the central arch 
span large pin embedded the center line supporting pier engages 
floor beam the superstructure transfer longitudinal and transverse forces 
from the three-span superstructure unit the substructure. Torque piers 
due transverse forces thus largely eliminated. The dead load weight 
pier 18, the west end the central arch span, was materially reduced 
using sand fill the central section the pier base, thus minimizing the size 
the pier and the number supporting piles required. 

The three-span continuous truss structure comprising the 845-ft tied arch 
center span, flanked two 346-ft end spans, presents pleasing appearance, 
affords traffic view unobstructed diagonal truss members across the 
845-ft main channel span, and has inherent advantages for erection. 
economy compared favorably with cantilever, tied arch, and suspension span 
layouts studied for the crossing. 


1Cons. Engr., Howard, Needles, Tammen Bergendoff, Kansas City, Mo., and New York, 
*Engr. Design, Howard, Needles, Tammen Bergendoff, Kansas City, Mo. 
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INTRODUCTION 


The bridge serves local traffic between Dubuque, Iowa and East Dubuque, 
well heavy through traffic United States Highway No. and 
the north-south traffic United States highways Nos. and 51. The new 
structure replaced privately-owned toll bridge erected 1887 some distance 
upstream from the new location. 

Various sites were studied. Navigation requirements some the alter- 
nate sites permitted shorter channel spans, but none provided satisfactory 
alinement satisfactory connections principal routes highway traffic. 
Viaduct approaches the river spans pass above all railroad tracks both 
ends the structure. Both the length the channel span and the locations 
the piers supporting were dictated the War Department satisfy 
navigation interests and permit maneuverability boats approaching the 
barge terminal the west bank the river directly north the bridge. 
vertical clearance above normal pool elevation over horizontal distance 
800 provided the main channel span. 


DESCRIPTION STRUCTURE 


Dubuque the Mississippi River about 1,700 wide pool level, 
which stage has maximum depth ft. High water times more 
than above pool level, and inundates the entire valley from abutment 
abutment the bridge—a distance approximately 6,000 ft. 

Outcrops limestone are evidence the bluffs both sides the 
valley. Within the limits the bridge site, however, bedrock 400 below 
pool level, and overlain with deep deposit coarse sand and gravel. 

The 7,082-ft total length the bridge project divided into 1,320 
paved embankment approaches and 5,762 open structure. The 1,537-ft 
main river channel span unit three-span continuous through truss structure, 
consisting 845-ft tied arch center span flanked 346-ft truss side spans 
shown Fig. Approach viaducts are steel continuous deck girder units, 
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with spans 187 Long girder spans adjacent the river structure 
have curved bottom flanges; all other spans are parallel flange girder type. 
The Iowa approach, made seventeen spans from 187 long, has 
total length 1,448 ft; the Illinois approach contains twenty-three spans from 
184 long and has total length 2,757 bridge, which crosses 
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above twenty-nine tracks four different railroads, provides one 5-ft sidewalk 

and two-lane roadway wide. The roadway designed for H-20 loading 
given the 1935 specifications the American Association State High- 
and way Officials (AASHO), modified assume 12-ft lanes the design main 


trusses and girders, but using 9-ft lanes the design the floor system. Fig. 
ance the roadway cross section the truss spans. 
tor Roadway, Crown 
Center Line Bottom Chord 
The entire substructure supported timber piles. Untreated timber 
piles were used wherever fully embedded below permanent ground-water eleva- 
tion; elsewhere creosoted timber piles were used. Except for pier 18, the entire 
substructure and the viaduct approaches are conventional design. 
The principal purpose this paper present the development the 
design and the expedient erection the main three-span continuous unit. 
With the length river channel span determined navigation require- 
ments, the west span the continuous unit was made sufficiently long clear 
ans railroad tracks that bank the river and provide nominal positive 
nits, dead load reaction the end bearing. Symmetry was obtained without sacri- 
ficing economy making both end spans the continuous unit equal length. 
this arrangement maximum negative moment was introduced the inter- 
mediate supports through utilization the full dead weight the end span. 
After studies had been made appearance and section requirements for 
various alternative heights, the rise the 845-ft 2-in. central arch span was 
selected 106 from center tie center bottom chord the truss. For 
845-ft tied arch span conventional design and 1:6 rise ratio, correspond- 
ing height approximately 130 would have been required. Truss depths 
were selected from center center chords the end portal, 
the intermediate supports, and the center the arch. Transverse 
balance the sidewalk and roadway loads between the two trusses. With this 
the maximum stresses the two trusses are approximately the 
the trusses were made identical. saving floor beam metal would 
has have resulted from closer spacing trusses, with sidewalk outside; but truss 
would have differed that the trusses would not have been identical 
and duplication fabrication would have been sacrificed. Also, closer truss 
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June, 
spacing would have reduced what was regarded desirable width-length 
ratio for lateral stability. 
Study various truss systems resulted adoption the Warren system. 
Compared the Pratt type, the Warren truss has the advantage single- 
panel loading vertical members and constant chord stresses double-panel 
lengths. Subdivided truss systems with shorter floor panels would have secured 
some saving the floor but this saving would offset 
greater number members and joints. appearance the Warren system 
seemed harmonize most satisfactorily with the general outline the structure. 
Symmetrical About Center Line Except Bottom Laterals tion 
tion 
beam: 
span 
All Sway Diagonals 12x CBP meth 
PORTALS: SWAY FRAMES truss 
The general arrangement lateral and sway bracing shown Fig. 
The bottom lateral system the plane the roadway deck conventional 
rigid single-plane system double-angle members. The top lateral system 
the planes the top and bottom chords the arch span rigid double-plane 
system H-members. Sway frames are provided the plane all vertical 
posts except They are also provided the planes hangers 
and the planes diagonals The end posts and the posts the 
intermediate piers are braced with massive portals. Horizontal members were 
omitted from sway frames and portals end spans improve appearance. 
All panels are in. long, there being nine panels the end spans and 
twenty-two panels the center span. Floor beams rigidly framed the 
trusses and hangers support three lines roadway stringers 10-ft, 3-in. 
centers, together with sidewalk fascia beam. Transverse crossbeams, 
in. centers, rest the top flanges the stringers. The roadway deck 
74-in. concrete slab, reinforced transversely with rail steel bars. steel 
safety curb separates the 24-ft roadway, from the 5-ft sidewalk the north. 
Along the south side the roadway similar curb provided, also steel. The por 
south handrail in. outside the edge the roadway, and the intervening 
space floored with steel plate provide auxiliary sidewalk. Handrails Erp 


in. high above the sidewalks are steel, with steel posts. Roadway curbs 
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are in. high. Above streets and railroad tracks the curbs are closed; else- 
where they are left open provide full drainage and facilitate cleaning the 
roadway and removing snow. eliminate undesirable chord stress participa- 
tion and relieve possible temperature stresses due unequal thermal move- 
ment the floor system, floor contraction joints and stringer expansion bearings 
were provided L4, L7, T11, T15, and T18. 


PROCEDURE 


Because the magnitude and statical indeterminacy the structure, erec- 
tion methods had predetermined and sections provided for stresses en- 
countered during the various stages erection. The design finally adopted 
contemplated three-stage erection program comprising: (1) Cantilever erec- 


tion the trusses and bracing the central span; (2) erection hangers, floor 
beams, and arch span ties after the trusses had been connected act three- 
span continuous unit; and (3) installation the floor system and deck after 
making the tie connection the arch span. Although 50% increase 
normal allowable stresses was permitted for erection purposes, number 
members nevertheless were governed erection stresses. 


The form the trusses the central span lends itself economical ar- 
rangement for cantilever erection with maximum depth over intermediate sup- 
ports tapering minimum depth the center the span. minimize the 
added material required for erection purposes, erection the arch cantilever 
methods was limited placement trusses and bracing. After closure the 
trusses the center the arch span, added carrying capacity the trusses 
became available through conversion three-span continuous system 
vertical adjustment the end reactions. Utilizing this increased capacity, the 
hangers, floor beams, and ties the center span were added. adjustment 
the horizontal distance between and L20, the tie closure could then 
made. Stringers, crossbeams, curbs, railings, and concrete floor slabs were 
then added complete the span. The design drawings were complete every 
detail, including the make-up the members and details splices and joints. 
may noted that the superstructure contractor elected carry out erection 
generally full accordance with the original design scheme. 

Floor System.—For design the concrete roadway slab the so-called 
Westergaard theory* wheel load distribution was used. Welded bar trusses 
planned originally for the slab reinforcement; subsequently, emergencies 
World War made necessary use bent bars equivalent area. Cross- 
beanis, designed continuous beams over the stringer supports, are 12-in. 
31.8 intermediate panels and 12-in. panels. Stringers 
designed simple beams spanning between floor beams with maximum 
load reactions transmitted the crossbeams, and are rolled beams. 
all floor beams are plate girders in. deep. intermediate piers, special 


double-web floor beams, in. deep, are provided integral part the 
portal frames. 


Wheel Loads and Design Reinforced Concrete Bridge Floor 
tps, Googins, and Parker, Public Roads, October, 1937, 149. 
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Lateral and Sway lateral systems are provided follows: 
(a) lower lateral system the plane the bottom chords the end spans 


and the arch tie the center span; lateral system the plane the truss 
bottom chord the arch span; and (c) top lateral system the plane the 
top chord the three spans. 

The bottom lateral system was designed three-span continuous truss, 
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with the bottom chords the end spans and the arch ties the center span 


acting chords for the lateral truss. This system comprises rigid single 
plane with diagonals double-angle section proportioned take either tension 
Except for the six central panels, where carbon steel was used, 
all diagonals this lateral system are silicon steel. panels and 
adjacent pier 19, special diagonals were provided transmit all 
longitudinal forces the structure the vertical pin anchor. 

The lateral system the plane the bottom chord the arch truss was 
provided primarily for the purpose bracing the chord. This system extends 
only from L11’, because clearance requirements. Chord bracing 
other panels provided the sway frames the planes L11-U11, 
and L10-U11. 

The top lateral system was designed three-span continuous truss with 
the spans equivalent the developed lengths the top chord rigid, 
double-plane, double-web system was used with H-section diagonals propor- 
tioned resist either tension compression. 

Nominal sway bracing provided the plane all vertical posts and 
hanger The H-sections were used for all sway bracing diagonals. 
Portal frames the plane the end posts and the plane the vertical posts 
intermediate piers, were designed transmit computed lateral loads 
the foundation. obtain the desired rigidity, and, because esthetic 


considerations, the struts and diagonals these frames have fairly massive 
sections. Deep plate girder sections were used for end portal framing. Box 


girder sections were used for the intermediate portals. 

Main Trusses.—Truss chords, arch ties, and some the heavier diagonals 
are made box girder sections consisting two I-beams, top and bottom 
cover plates, and additional side plates required. Handholes, in. in. 
spaced about 3-ft 6-in. centers, were provided permit riveting and paint- 
ing. All other diagonals are also box sections consisting channels and plates, 
with handholes in. in., 3-ft centers. Box sections were used through- 
out, the complete exclusion laced members. Nearly all truss members are 
silicon steel. Carbon steel was used for such details, diaphragms, fills, 
nection angles, etc., and for members minimum section, where size 
terial rather than stress governed. proportioning the members, the 
terial line the handholes was considered ineffective carrying the primary 
stresses. All posts and hangers are made single-web girders, consisting 
four bulb angles and web plate. 

Bearings.—Substantially eliminate pier torsion, which would have 
sulted with fixed shoes, because lateral deformation the lower lateral 
system under transverse wind loads, expansion-type bearings are provided 
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Longitudinal forces the entire three-span structure are trans- 


mitted pier through large pintle pin anchored encased structural 


frame embedded the pier. The forged steel pin has 5-in.-diameter hollow 
center, in. long, and varies outside diameter from in. the top 


the bottom. The upper end, in. diameter, extends in. into 
the double floor beam the superstructure engage 5-in.-thick bearing 


span Plate the floor beam. 


Expansion shoes both ends the central arch span are each supported 
nest five 12-in.-diameter alloy steel rollers in. long. Rotation 
resulting from span deflection provided through line bearing detail 
necting upper and lower sections the shoe rather than the conventional 
pin type arrangement. ‘The shoes are in. square and in. high. 


Web 
Plate 


Anchor Plate 

to Take 

Jacking 


ll 


number factors governed the design bearings for ends the three- 
span unit. Provision had made for: (1) The lowering panel point LO, 
during erection operations, 3.56 below its final position; (2) tie-down anchor- 
age resist 125.5-kip uplift during cantilevering operations; (3) 403-kip 
reaction for final dead plus live load; (4) expansion 1,190 
structure; and (5) the transmission transverse horizontal wind shear 
159 kips from the superstructure the pier. 
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During erection the ends the trusses were supported and tied down 
two 4-in.-diameter anchor bolts embedded the pier. The raising and lower- 
ing the end the span was controlled 250-ton hydraulic jack placed 
between pairs beams engaging these bolts. After erection was completed, 
rocker columns high (see Fig. 4(a)) were inserted act bearings for 
the ends the span. These care for expansion movements the span with 
only nominal change roadway elevation, and were designed take both 
positive and negative reactions. Transverse wind shears are transmitted 
built-up section the pier through special guides the plane the lower 
flanges the end floor beams. 

Deflection and Camber.—The maximum dead load deflection in. 
the center line the arch span. 

Materials and tie principal materials used the 
superstructure, together with the design stresses used for normal dead, live, and 
impact loadings, are given Table For stresses caused gravity loads 


STRUCTURE MATERIALS, Pounps Square 


Property design stress Carbon steel Silicon Steel 


Minimum tensile 60,000 80,000 
30,000 45,000 
Bending Extreme Fiber: 
Ly? 

Shear: 

Girder webs, gross 11,000 14,000 

Pins and shop-driven 13,500 18,000 

Bearing: 


Pins and shop-driven 27,000 
Power-driven rivets 


American Society for Testing Materials. 


combination with lateral longitudinal loads, and for erection stresses, 
overstress was permitted accordance with the following schedule: 


Permissible overstress, 


Loads normal 
Dead load live load impact 30-lb wind......... 


Compression compression members consisting segments 
connected cover plates segments connected webs, the thickness 
the segment webs was limited minimum 1/28 the unsupported distance 
plate for silicon steel, and 1/32 that for carbon steel. Cover plates 
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the segments were limited thickness minimum 1/36 the un- 
supported distance the plate for silicon steel, and 1/40 that for carbon steel. 

Dead Load.—The dead load per linear foot bridge 8,545 for the arch 
and 6,745 for the end spans, and made follows: 

Load Arch span End spans 

roadway and sidewalk............. 2,540 2,540 


Truss steelwork 4,950 3,150 


For final stress the actual estimated weights truss members, 
lateral system, and other component parts were properly distributed among 
the various panel points. 

Live floor designed for H-20 loading 9-ft 
lanes accordance with the 1935 AASHO specifications. This loading consists 
20-ton truck followed and preceded 15-ton trucks spaced apart. 
The main trusses were designed for the same loading, except that the lanes were 
assumed wide. Such modification the design loading was 
deemed justifiable since concentration great number exceptionally 
heavy trucks, required produce maximum stresses the various truss mem- 
bers the long spans, highly improbable. Equivalent uniform loads were 
used for the truss design. 

dynamic vibratory and impact effects, stresses produced 

which the impact fraction, and the length, feet, the section the 
span which loaded produce the maximum stress the member. 

Sidewalk sidewalk slab and the immediate supports were de- 
signed carry 100 per ft. For design the trusses, per 
used. 

Wind Load.—Wind forces the structure were assumed moving 
horizontal load equal per one and one half times the area 
the structure seen elevation. The lateral force due the moving live 
load and wind force against this load were considered 200 per lin 
bridge, acting above the roadway. Stability the structure and the 
stresses the members was also checked for wind pressure. 

Longitudinal was made for the effect longitudinal 
equivalent 10% the live load the structure, acting above the 
floor. Appropriate provisions were also made for longitudinal wind loads. 


live load were increased accordance with the formula: 


CALCULATION STRESSES 
The continuous tied arch unit statically indeterminate the third degree, 
for its solution three elastic equations. For the analysis the 
structure the theory redundant members was used. 
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shown Fig. 5(b), the end reactions and the arch tie were assumed 
the redundant forces. With these forces removed, the truss simple span 
with two end cantilevers, which the stresses can calculated readily for any 
given loading. Fig. and with the redundants removed 


move 
arch 
(d) UNIT LOAD LEFT END (e) UNIT LOAD RIGHT END 
shown, let the stress each member due given loading; the 
stress due horizontal unit load applied shown Fig. the stress 
due vertical unit load applied shown Fig. 5(d); the stress due 
each member, square 
Fig. (5c), and represented 


accordance with the law reciprocal deflections, however, 
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Furthermore, because symmetry the structure, 


satisfy the condition zero deflection point and point and 
movement point the following expressions are developed: 


which and are the final end reactions and the final stress the 
arch tie, for any given loading. 

Substituting these equations the values Eqs. and 14, Eqs. can 
rewritten as: 


(16a) 
(16c) 


which there are three the final left end reaction for given 
loading; the final right end reaction; and the final stress the arch tie. 
The other components the equations are constants. 
and are constants based the geometry the statically determinate 
structure (Fig. and the areas members, and and are con- 
stants based the position and magnitude given loading the statically 
determinate structure. 

Direct general expressions for the redundants can developed from 16. 
Such expressions, however, would quite involved, and would serve prac- 
tical purpose. simpler and more expedient first determine the numerical 
values and vd, and then solve the simultaneous equa- 
tions, thus obtaining general expressions for the redundants terms 
ob, and 

(equal 30,000,000 per in.) gives the following: 


Using these numerical values, Eqs. become: 
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from which: 


For symmetrical loading, such for dead load, and, consequently: 


With these reactions determined, and were obtained statics, and in- 
fluence lines were developed for the reactions, well for the stresses 
individual truss members. From Eqs. 18, 19, and 20, other pertinent proper- 


Member 
(in.) 


944 78.0 —6.10 450.00 +1.02 12.60 —0.963 71.15 
934 78.0 —6.76 547.00 +1.88 42.30 —152.00 —1.99 +161.00 
925 93.2 —7.36 537.0 +2.86 81.30 —208.70 —3.44 251.00 
922 144.5 —7.75 383.0 +3.90 97.20 —192.50 —5.37 +265.00 
922 169.6 —7.20 282.5 +4.42 106.20 —173.40 —7.20 +282.50 
93.2 —3.44 117.6 +2.86 81.30 97.80| —7.36 +252.00 

840 160.0 —0.41 0.89 +0.48 1.21 —0.93 2.00 

970 150.0 +6.42 266.5 —2.46 39.20 —102.00 +1.42 58.85 
L14-L16....| 92.0 +6.90 489.0 —3.32 113.2 —235.50 +2.62 
931 77.2 +7.30 643.0 —4.24 217.0 —373.50 +4.15 
71.2 +7.30 694.0 —5.05 331.0 —478.00 +6.11 
924 71.2 +6.11 484.0 —5.05 331.0 —400.00 +7.30 
77.2 +4.15 208.0 —4.24 217.0 —212.50 +7.30 
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TABLE 3—(Continued) 


(18) 
Length,| Area, 
(19) Member 
(1) 
995 91.6 —0.396 1.71 +0.643 4.60} 2.71 
(22) 681 42.4 +0.707 8.03 —0.597 6.78| 6.61 
461 142.5 1.0 3.24 
461 137.5 1.0 3.35 
2,305 127.5 1.0 18.10 
922 137.5 1.0 6.70 
1,844 142.5 1.0 12.84 
922 137.5 1.0 6.70 
2,305 127.5 1.0 18.10 
461 137.5 1.0 3.35 
461 142.5 1.0 3.24 


ties the structure are readily obtainable. Thus, for settlement 
and Similarly, for 1-in. horizontal displacement point 


= 


0.269 lb. Other reactions, well stresses, can obtained 


These relations were important for studying the effect settlement 
supports, well for determination erection stresses through the various 
stages and operations. 


necessary for statically indeterminate structures, the areas truss 
members had assumed estimated before stress analysis could made. 
Furthermore, any effect the method erection might have the size truss 
members had predetermined, since any subsequent change member 
area for erection conditions would have unbalanced the system. Since canti- 
lever erection method was indicated, was apparent that some the members 


Total 
63,545.5 
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EFFECTIVE 


Erection 
wind 


1,260 
1,730 
1,240 


Ww 
N 
—) 


T14-T16. 
T18-T20. 


L9-L10.. 


L2-U3... 
U3-L4... 
L6-U7... 
U9-L10.. 
U15-L16. 
U17-L18. 


L18-U19. 


NNNNN NNER 
PPP Pd RH 


w 


U1-L1, U3-L3, U5-L5, U7-L7, U15-L15, U17-L17, U19-L19 
U2-L2, U4-L4, U6-L6, U16-L16, U18-L18, U20-L20 20.34 
27.06 
L16-T16, L17-T17, L18-T18, L19-T19, L20-T20.............. 27.06 


compression. Unit stresses shown for members governed static loads were 
section determined Col. 15-lb wind 1.25 normal stress. Bending 466,000 ft-lb. 
these members see Col. Designed for direct stress 167 kips plus moment 1,250 ft-kips. 
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Shape Member 


Is, [s, 


(21) (22) 


2-24 79.9 


2-24 
2-24 
2-24 100 


2-24 120 


2-24 79.9 
2-24 


2-36 L9-L10 
2-30 132 L10-L12 


2-18 42.7 


U17-L18 


L18-U19 
U19-L20 
2-18 45.8 


13,400 
13,040 
14,000 
14,100 
13,260 
12,400 
19,480 

18, 


2-18 

2-18 

2-18 

8-5 


4-6 
4-6 


~ 


4-7 
4-7 
4-7 
4-8 


18,000 
18,000 
18,000 
24,000 


compensate for bending stresses due weight member itself. pounds per 


and above portal brace. quartering wind. Dead load plus 30-lb quartering wind. 
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would governed erection stresses. The following design procedure was, 
therefore, adopted: 


Areas members were approximated for the final structure, based 
specified loading. 


The areas were checked for erection stresses determined the condi- 
tions shown Fig. and increased required. 
The structure was analyzed for final loading 


100-Ton 


Members Place During Cantilevering 


Members Placed After Closure 


R,=160 Kips Kips 


6.—Maximum DESIGNING FOR ERECTION STREESSS 


summary the final design stresses and the general make-up mem- 


bers given Table and summary dead load panel concentrations 
Table 


TABLE 


Weight, PANEL 
kips 
Item per 
Handrail and curbs...... 0.107 2.25 4.10 4.10 4.10 4.10 4.10 4.10 4.10 4.10 
0.092 2.30 3.35 3.35 3.35 4.00 3.35 3.35 4.00 3.35 
0.223 4.85 8.70 8.70 8.70 9.00 8.70 8.70 12.70 
0.112 6.20 4.32 4.32 4.32 4.50 4.32 4.32 4.50 4.32 
Bottom 0.090 1.25 2.25 2.00 2.00 2.50 3.00 3.15 3.25 6.35 
Top 0.112 1.82 3.64 3.64 3.64 3.64 3.64 3.65 3.65 
Sway 0.032 4.50 0.93 4.70 0.93 5.00 0.93 
Portals and arch chord 
po OE eee kas 64.30 | 116.59 | 114,01 | 111.84 | 119.40 | 117.64 | 125.26 | 127.20 | 139.10 


ERECTION PROCEDURE 


Completion the entire project fifteen months was provided the 
contract. Construction operations began June, 1941. Following the attack 
Pearl Harbor, Hawaii, December 1941, with the resulting emergency, 
construction progress was considerably slowed down, primarily because 
shortages materials and delayed deliveries. result, the project was 
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finally completed April, 1944, although the bridge was opened traffic 
August, 1943. 
General Procedure.—Erection the viaduct gfrders presented particular 
problem. locomotive crane, crawler crane, and traveling derrick were 
used place steel. Detailed erection plans and stress analysis covering all 
principal steps for the three-span unit were developed the contractor and 
reviewed and compared with the engineers’ analysis. The diagrams Fig. 
illustrate the general procedure. 
Three-Span Continuous Truss the trusses the three- 
span unit was started the west end span. Commencing pier 17, the four 
west panels were erected falsework bents and the balance the truss span 
was then placed cantilevering pier 18. completion this work 
simultaneous erection operations were carried out from pier eastward and 
from pier westward and eastward. 
The east half the three-span unit was erected balanced cantilever 
methods, with pier acting the sole supporting substructure unit. addi- 
resting the shoes placed the pier, the span was temporarily sup- 
ported during erection the first panel point east the pier inclined steel 
columns framed into the pier base. Fig. shows the first stage the balanced 
construction operations. Working eastward from pier guy derrick 
mounted floor level erected the steel span simultaneously with place- 
ment the steel the east half span 55-ton traveling derrick operat- 
ing the top chord. Prior landing pier 20, 699 with 


4.15 3.50 2.75| 2.50| 2.50| 225] 2.00 
a (ne 


weight 1,520 tons, exclusive 110 tons erecting equipment, were balanced 
pier 

The west half span was placed cantilevering out from pier with 
55-ton traveling derrick mounted the top chord. Fig. 7(a) shows the 
geometric position the trusses this stage. completion the erection 
the trusses and bracing, closure was made the lower chord panel point L20 


7 
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followed closure the top chord panel points U19 and 
adjustments these points were controlled regulating the jacks and tie 
downs and L’0, shown Figs. and 7(c), respectively. Horizontal 
control was provided jacking against the ends the trusses pier with 
trative the accuracy the fabrication 
and erection the fact that, upon com- 
pletion the truss erection, prior 
closing, only discrepancy 
the horizontal length the trusses. 

this stage erection the unit 
became three-span continuous truss. 
limit erection stresses prede- 
termined economic maximum, the end 
reactions were raised shown Fig. 
7(d), resulting decrease the nega- 
tive end reactions. 
stresses set step (a) was thus 
effected. After closure the trusses, 
the hangers, floor beams, and ties were 
placed the traveling derricks were 
backed down off the span. 

During these operations all arch tie 
splices were riveted, except the west 


end the span panel point T12, Prer 19, 
effected. The geometric position 

the trusses, and the end reaction the end this step are shown Fig. 7(e). 
Fig. shows the truss spans with all the hangers and ties erected just prior 


closing the tie. 


The design contemplated lowering the ends trusses, shown Fig. 7(f), 
distance sufficient shorten the arch span and effect closure the tie 
unstressed condition. avoid the increased erection stresses the top 
chord over the intermediate support, the contractor elected effect closure 
direct horizontal pull the ties. 

Closure arch ties this stage erection required 10-in. horizontal 
shortening the arch span. Special jacking devices were used, incorporating 
two 350-ton hydraulic jacks per tie. pair jacks was connected 
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q 
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single pump, thus assuring uniform pull the component parts each tie. 
The jacking device consisted temporary diaphragm bolted near the end 
across each length tie, with connecting links extending from 
each diaphragm the jacking beams. control simultaneous closure both 
trusses, the pump pressures throughout the operation were limited maxi- 
mum difference per in. After thus shortening the arch span, the 
tie splices were riveted, and the structure was then ready receive the balance 
the the roadway and sidewalk slab. 

After the arch tie closure was made, the end truss anchorages were released, 
and the points were jacked final elevation. The rocker column end bear- 
ings were then installed. The amount vertical movement and the resulting 
reactions, gage readings, corresponded closely the computed 
end reactions. 

16-ton floor traveler was used for the erection the balance steelwork 
the arch span, including stringers, crossbeams, curbs, and railing. pre- 
vent undue overstress truss members due unbalanced loading, symmetrical 
placing concrete slab, far practical, was required, conforming 
carefully devised pouring schedule. 

the exception piers and 19, the ends the 
arch span, the forty-two piers the structure are conventional type. Exca- 
vation for the construction all piers was done the open. Cofferdams were 
used constructing bases certain piers—timber crib cofferdams for piers 
and 19, and steel sheet pile cofferdams for pier and piers 25, inclusive. 

Piers 31, inclusive, were constructed open excavations kept essen- 
tially free ground water system well points sunk around the perimeter 
the excavated area. Excavation was opened for single trench enclosing 
all piers which work was under way. After the bases the first group 
piers were completed, the excavation was extended include second group. 
Well points were advanced and the area occupied the first group piers 
was backfilled. The bases piers and piers and the two 
abutments are above ground-water level and were constructed open excava- 
tion, shored only necessary prevent caving. 

Pier 18, with base size 75.5 ft, supported three hundred and 
thirty-six timber piles averaging long below cutoff level—23.5 below 
pool elevation. The bottom base Pier 19, with base size 
75.5 ft, supported three hundred and eighty-four timber piles averaging 
long below cutoff level. The bottom the base El. 551. Greater 
depth water and stronger current encountered pier required deeper 
pier than pier 19. 

provide the penetration necessary pier withstand scour and yet 
reduce the weight the pier minimum, the design incorporated the 
pier base sand core 57.5 high. This arrangement effected 
saving both the number supporting piles and the volume concrete. 
The 8-ft and 9-ft concrete walls surrounding the sand core, together with 
cover thick, were poured under water tremie. The sand core was 
placed simultaneously through tremie pipes maintain the top sand 
conform with the rate placing concrete walls. After pumping out the 
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temporary cofferdam, the piles were cut off and the pier base was finished with 
12-ft thickness concrete poured the dry. concrete shaft high 
was then built complete the pier. 

saving 1,438 concrete resulted from using the sand core instead 
solid concrete base and effected saving 5.1 tons per pile dead load 
weight. have constructed solid concrete base providing the same pene- 
tration and the same maximum load per pile would have required base 
founded four hundred and forty piles. the basis contract 
unit prices, such design would have increased the cost the pier $133,500. 


QUANTITIES AND Cost 


For the truss spans, 3,850,100 structural silicon steel and 4,583,975 
carbon steel were required. addition, 6,410,492 structural steel 
were required the girder spans. Also required were 2,463,500 reinforcing 
steel, 34,087 concrete, and 2,909 timber piles. The total cost the 
project was $3,175,341.63. 


significant advantage the continuous tied arch structure compared 
the conventional truss types the economy metal, due more ad- 
vantageous distribution weight for cantilever erection. 

Although the subject esthetics does not lend itself argument based 
reason only, since rather matter individual taste, opinion ventured 
that this type structure does possess elements beauty not found the 
conventional type trusses. Similarly, the almost unobstructed river view from 
the main span also favorable feature. 

The tied arch type permits erection self-supporting part the structure 
(the trusses) spanning between piers utilized subsequently completing 
erection the balance the structure. The full weight the stress carrying 
framed structure must supported the conventional cantilever and con- 
tinuous designs during erection before any closure can made. 
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The ingenious methods used the contractors placing foundations and 
the erection superstructure successfully accomplished the conceptions 
the design. Careful and detailed analysis all erection steps and problems 
and accurate fabrication steel the Bethlehem Steel Company were re- 
flected the manner which erection proceeded. This company was repre- 
sented Jonathan Jones, ASCE, chief engineer; Campbell, general 
superintendent; and Oskin, Assoc. ASCE. 

Contractors for the substructure, the Robers Construction Company 
and the Crosse Dredging Corporation, were represented the project 
Peterson, engineer charge. Gund-Graham Company, Melberg and 


Taylor, and Ulrich Willy Company were contractors for other miscellaneous 
work. Construction was begun June 18, 1941, and the bridge was opened 


traffic August 31, 1943. 

The bridge was planned, designed, and the construction supervised 
Howard, Needles, Tammen and Bergendoff. Ned Ashton, Josef Sorkin, and 
Jacob Karol, Members, ASCE, participated the design. Detailed plans 
were prepared under the supervision Harper, ASCE. Ivan 
Hanson, Assoc. ASCE, served resident engineer for the consultants. 
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PAPERS 


CLASSIFICATION AND IDENTIFICATION 
SOILS 


SYNOPSIS 


The purpose this paper threefold: (1) review and compare existing 
soil classifications used civil engineering, with emphasis their limitations; 
(2) present new soil grouping tentatively adopted the United States 
Engineer Department 1942 for use airfield projects; and (3) outline 
field identification procedures, requiring apparatus. abbreviated form, 
this paper was presented the Annual Meeting the Society New York, 
Y., January, 1943. 


INTRODUCTION 


The two most controversial chapters the study soils for civil engineer- 
ing purposes are: (a) Soil classification, the most confused chapter; and the 
shear strength soils, the most difficult chapter. the art soil classifica- 
tion far from satisfactory, the confusion often made worse that users 
are unaware its limitations and apply for purposes other than that origi- 
nally intended. 

Thorough knowledge not only one but all classification systems important 
civil engineering the best protection against pitfalls and the best as- 
surance intelligent application individual classification. addi- 
tion, provides tools with which the engineer can fashion, necessary, new 
classification fit his needs applying soil mechanics particular problem. 
also frees him from the danger becoming narrow-minded this field. 
Those who really understand soils can, and often do, apply soil mechanics 
without any formally accepted soil classification. 

Limitations Soil Classification not possible classify all 
soils into relatively small number groups such that the relation each soil 
the many divergent problems applied soil mechanics will adequately 
presented. Some systems require detailed tests permit proper grouping 


comments are invited for immediate publication; insure publication the last 
should submitted November 1947 


Prof. Soil Mechanics and Foundation Eng., Graduate School Eng., Harvard Univ., Cambridge, 
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basis field identification without quantitative test results. Some classifica- 
tions were created principally facilitate making soil surveys, whereas others 


soils; others are specifically designed that classification possible the 
are chiefly aid digesting and correlating empirical knowledge specific 


engineering problem. cor 
Development some extent, soil classifications used civil for 
engineering reflect their chronological order the development soil me- 
chanics. its beginnings this leaned heavily the soil testing methods 
Textural Soil Public Roads Texas Airfield Civil — 
Classifications Classification Classification Classification Adm alien 
(PR System) (AC System) is 
Based on grain-size classi- Originally for road surfac- Designed for specifications Grouping as to suitability Subgrade 4 sification for 
fication and distribution. ing: to make best possible use for pavement foundations airports: heed! on 
Suitable for classification 3 groups of coarse-grained of natural materials: carrying heavy wheel loads: 10 soll OM alycie pl ‘= 
Many purposes, but en- 4 groups of fine-grained gradation and plasticity soils; ticity, nia 
tirely inadequate for fine- soils; characteristics. 6 groups of fine-grained and 
grained soils. 1 group of highly organic soils; . Rati. 
soils. 1 group of highly organic : 
sols. 


developed agricultural soil science. Since this science originally stressed 
classification grain size, the first soil classifications used civil engineers 

were textural classifications. Most these were based the relative contents 
three grain-size fractions called sand, silt, and clay. classifications 
used the entire grain-size curve. 

Probably the first departure from the grain-size analysis the exclusive 
basis for classification was proposed 1908 Atterberg Sweden for 
agricultural purposes. Later, the Swedish Geotechnical Commission devised 
and used similar classification its extensive research. Still later, the 
United States Bureau Public Roads classification was created, with identi- 
fication and classification fine-grained soils based almost exclusively tests 
other than the grain-size analysis. Finally, new soil classifications have been 
developed fill the needs design and construction airfields for heavy 
airplanes. 

The essential elements all classifications described this paper are sum- 
marized Fig. 


int 


The division grain sizes into fractions with arbitrarily standardized 
boundaries usually called grain-size classification. not really soil 
classification but rather grain-size scale, and will termed this 
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prevent confusion. Its purpose form the basis grain-size classifica- 
tions soils, usually termed textural soil classifications. 

The most important grain-size scales, summarized Fig. will discussed. 

United States Bureau Soils Grain-Size scale the one most 
commonly used the United States. For practical purposes, and particularly 
for the textural soil classification developed the Bureau, the fraction be- 
tween and has always been grouped together with the sand frac- 
tion (1).? 


Properties or Sor 1n Its 
UnpisturBED ConpiITION 


Descriptive Miscellaneous Geological Agricultural 
Soil Soil Mechanics Classification Classification 
Classification 


Classifications 


Ohautics 


n 
= 


Subgrade sification for Based on tests of geologic his- Applies surface soils 
based field examination ally devised for local con- sions dependent 
ticity, and supplemented, nec- ditions individual proj- matic and drainage con- 
and Cilia Bearing essary, by detailed testing. ects; for example, consoli- ditions. Detailed subdivi- 
Ratio. dation characteristics for sions based on textural 
building foundations; shear classification of raw ma- 
strength for earth dam terial. 
projects. 
International Grain-Size Atterberg’s (2) scale was proposed 
ers standard 1913 when the International Society Soil Science 
(3) stated: 
“Tt was decided accept the group division soil grains 
Dr. Atterberg. For the time being the following nomenclature shall 
used the German language [English terms added the author 
for Grains larger than mm........... Stein und Gerdll [stones 
the Grains from Grobsand [coarse sand 
Grains from 0.2 0.02 mm..... Feinsand sand 
Grains finer than 0.002 mm......... Kolloidale Teilchen [colloidal par- 
oder Rohton ticles raw 
noteworthy exception this proposal was taken 1914 Kopecky 
(4), who recommended modification based the following divisions: 0.2, 
0.06, 0.02, 0.006, and 0.002 interest that the scale adopted the 
Massachusetts Institute Technology Cambridge, Mass. (Fig. 2), 
has essentially the same numerical values. 
Grain-Size advantages the M.I.T. scale are (a) that 
the 0.002-mm limit for the clay fraction has been adopted correspond the 
er, Numerals parentheses, thus: (1), refer corresponding items the Bibliography (Appendix). 
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June 
international grain-size scale; and (6) that it, like that the Bureau Soils, 
possesses the simplicity division into three major fractions, and permits the 
plotting results triangular chart, discussed Section textural soil 
classifications. 
United States Department Agriculture (U.S.D.A.) Grain-Size 
modified the original Bureau Soils scale (1) lowering the upper 
boundary for the clay fraction from 0.005 0.002 mm, bring this scale 
line with the international standard and (2) designating the entire range from 
q 
Whi 
ion 
0.02 
Sand 
Departmen 
Grain Diameter, Millimeters (Logarithmic Scale) tex 
Comparison the and the new U.S.D.A. scales (Fig. shows that 
their major divisions are practically identical. The various subdivisions are 
consequence since, fact, they are never used practical application. 
Limitations Grain-Size the range the sieve analysis, 
all preceding grain-size scales represent merely two points the grain-size 
curve. This very incomplete presentation compared with the complete 
curve, which can obtained readily modern methods wet-mechanical 
analysis. 
The use the terms “silt” and for arbitrary grain-size fractions 
misleading. Such terms should reserved exclusively for the description 
soils having the corresponding physical characteristics. designate the size 
fractions, one should either use the terms “‘silt sizes,” “clay sizes,” 
together with the name the classification used, state the size without 
name. For example, “30% clay sizes according the Bureau Soils 
fication” would mean “30% 0.005 Obviously, designation the 
grain size itself much more brief and leaves less doubt its meaning. 
publication merely refers 12% clay, the reader must usually guess what 


particular grain-size fraction meant, whether perhaps 12% the total 
material consists plastic soil. 


oils, 
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Because the limited usefulness the grain-size scales, the lack 
uniform standard less serious than would expected. Since the new 
U.S.D.A. scale almost identical with the scale, either would probably 
cause less confusion adopted United States standard. the absence 
such uniform standard, desirable adhere the designation the 
numerical limits the grain-size fraction, omitting any names for the indi- 
vidual fractions. 

1945, Glossop and Skempton (5) proposed the M.I.T. grain- 
size scale standard their valuable contribution this subject. 


CLASSIFICATIONS 


Basis and Types.—The principle classifying soils purely the basis 
their grain-size distribution dates back the time when was not yet realized 
that the physical properties fine-grained soils, having the same grain-size 
distribution, can widely different. The simplicity textural soil classifica- 
tions, and the fact that they can applied with little experience, are the main 
reasons why they are still widely used. 

the United States the original textural classifications are based the 
relative percentages the sand, silt, and clay size fractions. They are facili- 
tated plotting these three fractions triangular chart. Therefore, they 
will referred triangle textural classifications. 

For individual engineering projects, textural classifications have been de- 
vised which are based comparison the entire grain-size curves soils 
with set master curves. These classifications will called master curve 
textural classifications. 

Triangle Textural most widely used triangle textural 
are divided into the ten groups whose names appear inside the triangle. This 
classification applied only that part soil smaller than size, 
with the sand fraction extending from 2.0 0.05 mm. 

The principle the triangular plot that any point represents number 
each the three scales, and these three numbers always add 100. 
Therefore, classify soil, only necessary determine the sand and silt 
fractions per cent, and find the corresponding point the triangle. For 
example, the fraction soil smaller than size contains 26% 
sand sizes, and 32% silt sizes (automatically making the contents clay 
sizes 42%), then the position this soil the chart found the inter- 
section the 26% line the sand scale with the 32% line the silt scale. 
can seen that this point (Fig. 3(a)) classified “clay.” 
particles larger than size were present quantities sufficient 
especially noticeable, this would indicated adding the term 
the name the soil. 

Engineers who have used this classification have often noticed serious dis- 
crepancies between the names derived from the triangle and the actual 
physical characteristics the soils. Therefore, they have introduced other 
subdivisions and, some cases, other names. For example, Fig. 3(b), used 
the Lower Mississippi Valley Division the Engineer Department, 
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represents attempt adjust this method classification the soils the 
lower Mississippi Valley. should noted that “loam,” which really soils 
agricultural term, not used Fig. 3(6). 
The difficulty all triangle classifications lies the fact that those physical 
characteristics fine-grained soils which are interest the civil engineer for 
often are not reflected the three grain-size fractions. Point Fig. 3(a) 
may represent highly plastic soil one part the United States and slightly 
plastic silt another locality. 

Sand Sizes —0.05 No. 

3 

8 


100 


Silt Sizes (%) Silt Sizes (%) 


(a) BUREAU SOILS (b) LOWER MISSISSIPPI VALLEY DIVISION, 
ENGINEER DEPT. 


0.05; Fraction, 0.05 0.005; anp Fraction, Less THan 0.005) 


The more successful use the classification Fig. 3(a) agricultural soil 
studies may because well-developed surface soils certain fine-grained 
materials such uniform, nonplastic, rock flour not exist. would seem 
the weathering due the mechanical, chemical, and biological forces, 
which are responsible for the development the surface soils, tends reduce 
the range physical properties which soil with given grain-size distribution 
may possess; or, other words, the grain-size distribution more likely 
reflect the physical properties weathered surface soil than the under- 
lying unweathered materials. 

Master Curve Textural Classifications development modern methods 
wet-mechanical analysis which yield the entire grain-size curve readily 
the three fractions used the triangle classification has led utilizing the 
entire grain-size curve for soil classification. This can accomplished 
plotting set typical grain-size curves, master curves, covering the 
desired range soils. 

Examples master curve textural classifications are the classifications 
developed the Boston Metropolitan District Water Supply Commission 
(7), the Engineer Office Providence, (8), and Donald 
Burmister, Assoc. ASCE (8a). the Providence classification, the 
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cessity for further differentiation fine-grained soils nonplastic and plastic 
soils also recognized. 

Textural soil classifications means master curves have been reasonably 
successful for noncohesive soils the same general geologic origin. However, 
for most fine-grained soils the same objections apply for the triangle 
classification. 


TABLE DISTRIBUTION AND PHYSICAL 


No. Location Material 
(1) (2) 
Winnipeg, Canada Very tough, highly plastic clay 
Massena, Soft, medium plastic, Laurentian clay 
Massena, Soft, somewhat organic, silty Laurentian clay low plasticity 
Vera, Wash. Kaolin-type clay, with typical lack toughness 
California Diatomaceous earth with characteristics clayey rock flour 
Wayland, Mass. Diatomaceous earth with characteristics rock flour 
Lean, silty clay 
Hartwick, Typical rock flour 
TABLE 1.—(Continued) 
PERCENTAGE WEIGHT SMALLER THAN: 

(DIAMETERS MILLIMETERS) Liqui Plasti asticity Dry 

0.05 0.005 0.002 0.001 

(3) (4) (5) (6) (7) (9) (10) (11) 
4 96 76 50 34 55 31 24 Low. MH-CH® 


Airfield Classification System symbols; see Table The new KH-group. 


Limitations Textural Soil shows the large range 
soils covered almost identical grain-size curves. Soils Nos. range 
from highly plastic, very tough clay having high dry strength, through kaolin- 
type clays lacking toughness and having only low dry strength, diatomaceous 
soils with very low plasticity and only slight dry strength. 

also instructive compare the grain-size distribution soils Nos. 
(Table with their other characteristics. The highest percentage 
grains smaller than 0.005 shown the diatomaceous earth which 
practically noncohesive and nonplastic. The clay (No. with only 26% 
terial smaller than 0.005 actually shows more plasticity and greater dry 
strength than soil No. containing three times much material smaller than 
0.005 mm. 

Many similar discrepancies between grain-size distribution and physical 
characteristics fine-grained soils could cited. Nevertheless, the grain- 
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size curves fine-grained soils are still extensively used the exclusive basis 
for soil classification. contrast the misleading impressions which these 
curves may convey, the pertinent physical properties such soils can easily 
distinguished the basis simple field identification procedures. 


AGRICULTURAL CLASSIFICATION 


classification surface soils for agricultural purposes, called pedological 
classification, complicated system which the classification the physical 
properties individual soil layer represents merely one element. Since 
surface soils have under the influence climate, vegetation, type 
underlying parent material, topographic features, and age, all these factors, and 
particularly their influence the chemistry the surface soils, play major 
role pedological soil classification. 

main interest the civil engineer that part such classification 
which describes the physical properties and composition the surface soils 
and the underlying parent materials. the United States, such description 
confined textural classification. 

Because textural classification soils with different physical character- 
istics would classified the same, Atterberg Sweden suggested the classi- 
fication (3) the physical properties soils for agricultural purposes shown 
Table Further subdivisions are made distinguish between soils rich 


TABLE CLASSIFICATION 


jor condary 
divi- divisions Description 
sions 


I.—Sticky Clays (Highly Plastic) 
his group contains only the heaviest clays 
Clays (Not Sticky) 
into medium heavy and fairly heavy clays 


I.—Fairly Heavy Loams 
Clayey loams 
Loams 
Sandy leams and loess soils 


I.—Capillarity Greater Than 


Fine-grained sandy soils; dust loess; subdivided mechanical analysis 
Than 


Coarse, dry sandy soils, useful only for forestry 


humus lime, and soils containing gravel, stones, and diatoms. assist 
identification, Atterberg proposed the use his plasticity tests well 
dry strength number based the dry strength the soil. Thus, his classi- 
fication emphasizes pertinent physical characteristics whose differentiation 
not possible using grain-size analysis alone. 

Use Agricultural Soil Maps Civil surface soils 
large areas the United States and other countries have been surveyed and 
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mapped from agricultural standpoint. Often possible correlate, 
means field observations and tests, the classifications used such maps with 
the pertinent engineering properties these soils save much time 
soil surveys for roads and airfields, and finding sources satisfactory material 
for fill construction. Also, with sufficient experience, advice from agri- 
cultural soil experts, the engineer can derive information the subdrainage 
characteristics given area. 

systematic correlation between agricultural soil classifications, found 
the soil maps, and the engineering properties, has been published for the 
State Indiana (9). 


Every comprehensive soil investigation should also include geologic 
classification. most cases differentiation between the two major subdivi- 
sions, that is, residual and transported soils, will possible the basis 


general field examination. Further subdivisions the transported soils, such 


glacial, fluvial, lacustrine, marine, aeolian, and volcanic, are useful and 
sometimes necessary part comprehensive soil classification which, however, 
may require the assistance geologist. When geologic maps are available, 


they should utilized connection with foundation investigations for im- 


portant civil engineering projects. 


Development and Public Roads (PR) classification (10) 
was developed the years 1927 1929 from extensive research that the 
Bureau Public Roads had directed particularly toward the use soils 


secondary road construction. The original definition its groups based 


the stability characteristics soils when directly acted upon wheel loads. 
This classification, therefore, essentially grouping applicable the use 
soil road surface base beneath thin bituminous wearing surface. 
Unfortunately, has been termed “subgrade classification.” Attempts 
use for judging the characteristics subgrades beneath substantial thick- 
ness pavement and base have frequently led disqualification excellent 
subgrade and subbase materials. The susceptibility soils frost action 
also not properly recognized this classification because the time was de- 
veloped, knowledge frost action was still limited. 

differs from the usual presentation (10) place more emphasis those 
characteristics which aid field identification. understand the use the 
letter the group designations, noted that the original classification 
also provided for three additional groups designated B-2,and B-3. These 
fell into disuse and need not considered here. 

Classification original publication (10) contains recom- 
mendations for classifying soils based grain-size distribution, plasticity, and 
shrinkage characteristics, well other tests which are not commonly 
used. The numerical limits the test results, which determine the group 
particular soil, have undergone many revisions, the latest 
(11) being dated February, 1942. 
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June 
were recognized soils engineers various highway departments, who tried 
either adapt their local soil conditions and problems, develop new defir 
classifications. New Hampshire, where frost action the most 
agent, engineers have eliminated the group entirely, since soils this 
group (such some well-graded glacial tills) were found just subject 
frost heaving soils the group. Therefore, all sandy and gravelly 
soils the and groups were classified materials, and the new 
A-2 group was subdivided into three subgroups, depending their frost- 
heaving characteristics. The definition the group was not changed; all 
soils this group are considered better subgrades than the soils the combined 
A-1 and A-2 groups (12). 
Major divisions Group General description Examples 
Coarse with fines—well graded; con- States: 
A-1 dry strength and practically ates; 
swelling and shrinkage. some types glacial till. 
Soils ject volume change. residual soil. the 
Coarse-grained soils containing less Clean, well graded glacial 
gra.el; 
A-4 Silts and clays low plasticity many sandy and silty 


Silts 


A-5 Elastic silts Highly micaceous silt; diatoma- 
Fine-Grained ceous earth. 
Highly colloidal types inorganic Some inorganic clays from south- 
clays; medium high plasticity. ern and tropical regions. 


The great majority inorganic clays Glacial clays; some types gum- 
A-7 and some types organic clays; me- bo; kaolin-type clays; some organic 
dium high plasticity. clays. 


A-8 Materials having very high compressi- 


bility. Peat and organic clays. 


Realizing that the system seriously deficient for classifying subgrades, 
highway engineers have given consideration radical revision this system 
without changing the designations etc. Under tentative proposal, 
all gravelly and coarse sandy soils the group, which are excellent sub- 
grades, would classified materials, together with those originally 
defined Equally radical changes are proposed for the fine-grained 
soils. this adopted, would not possible gain clear idea the 
type soil from the designation, except noting the “edition” the 
classification. Such confusion could easily avoided giving this radical 
modification entirely new designation not mistakable for the original, 
using prefix letter other than 


About 1939, the Texas Highway Department developed classification 
Texas soils for writing specifications such that natural materials would used 
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best advantage road construction ten soil types are based essen- 
tially gradation and plasticity characteristics. Type which typical, 
defined follows: 


Type soil material which will retain high stability under the direct 
impact traffic loads. Soils this type are the only materials permitted 
the upper six inches the finished roadway. This type material can 
also used for the roadbed below six inches, economically available. 
Type soil includes caliche, rock, shell, iron ore, gravel with good grading, 
and excellent soil binder. The detailed requirements vary depending upon 
whether the aggregate angular rounded nature. 


The other soil types are classified the order decreasing value road 
construction. represent clays increasing plasticity and type 
represents highly compressible material, usually organic character, 
having liquid limit greater than 90. 


CLASSIFICATION SYSTEM 


The CAA system, established 1944 for classifying soils the order 
their value subgrade airport pavements, based the mechanical 
analysis, plasticity characteristics, expansive qualities, and California Bearing 
Ratio (CBR). 

Soils are divided into groups designated the symbols E-1 E-10. 
Their characteristics are briefly described Hadfield (14): 


there are two groups: the ‘granular soils,’ containing 
50% more sand and the ‘non-granular soils,’ containing 
less than 55% sand (the has 65% less sand). 

“The granular soils are further divided into non-frostheave soils, groups 
E-1 and and soils subject frost heave, groups E-3 and E-4. The 
E-1 soil free draining, non-plastic sand corresponding the PRA 
classification A-3. The E-2 soil sand containing slightly more silt 
and clay than the E-1. The E-3 corresponds non-plastic and moder- 
ately plastic PRA type, and the equivalent the PRA A-2 
type. 

the non-granular group the soil corresponds the non-plastic 
moderately plastic silt, and the the more plastic silts, 
the and A-6 silty clays, and the clays low plasticity. The 
E-8 and groups include clay soils average plasticity, high 
plasticity and very high plasticity, respectively, covered PRA’s A-6 
soils groups. The the highly elastic soil classed 

PR.” 


AIRFIELD CLASSIFICATION For ENGINEER DEPARTMENT 


result difficulties the use other classifications 
for the design and construction military airfields, the Office the Chief 
Engineers tentatively adopted 1942 new soil classification which will 
referred the Airfield Classification (AC) System. was originally de- 
veloped the writer for instruction Army courses Soils 
Military Construction” offered the Graduate School Engineering, Har- 
vard University, Cambridge, Mass., from 1942 1944. 
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the system, recognized that clean gravelly soil, which would 
classified the system, better foundation material for pave- 
ments than gravelly soil the groups, because not subject 
frost action and free draining. system also recognizes that gravelly 
soil generally better foundation material for heavy wheel loads than sand. 

The fifteen groups the system represent considerably greater num- 
ber than are used the other systems. However, the grouping specifically 
devised that soils can readily classified experienced soils engineer 
the basis visual and manual examination. 


Table representing the third revision the writer, summarizes the essen- 
tial information the system including the group symbols. Each symbol 
consists two letters which may considered initials the name the 
most typical soil that group. Their meaning will understood from the 
following outline: 


Coarse-grained soils are subdivided into: 


(1) Gravel and gravelly soils; symbol 
(2) Sands and sandy soils; symbol 
The gravels and the sands are each divided into four groups: 
(a) Well-graded, fairly clean material; symbol. combinations 
and SW. 
material with excellent clay binder (corresponding 
A-1 group); symbol combinations and SC. 
(c) Poorly graded, fairly clean material; symbol combinations and 


(d) Coarse materials containing fines, not covered preceding groups; 
symbol combinations and SF. 


Fine-grained soils are subdivided into three types: 


(1) The inorganic silty and very fine sandy soils; symbol which stands 
for the Swedish terms and mjala (flour), used for fine-grained nonplastic, 
slightly plastic, soils and, the international grain-size scale, designating 
the fractions from 0.2 0.02 and from 0.02 0.002 mm, 
respectively. 

(2) The inorganic clays; symbol 

(3) The organic silts and clays; symbol 


Each these three types fine-grained soils grouped according its liquid 
limit into: 
(a) Fine-grained soils having liquid limits less than 50; that is, low 
medium compressibility; symbol combinations ML, CL, and OL. 
(b) Fine-grained soils having liquid limits greater than 50; that is, high 
compressibility; symbol combinations MH, CH, and OH. 


Important classifying fine-grained soils the term compressibility 
refers the slope the virgin pressure-void ratio curve and not the actual 
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condition the undisturbed soil which may partly dried otherwise pre- 
consolidated. Experience has proved that the liquid limit good measure 
relative compressibility. 

Highly organic soils, usually fibrous, such peat and swamp soils having 
very high compressibility, are not subdivided and are placed one group; 
symbol Pt. 

Use Group sequence the group symbols need not 
memorized, but the meaning the symbols and the sequence the major 
divisions, that is, should learned. 

When material does not clearly fall into one group, boundary classifica- 
tions such GW-SW ML-CL should used. 

study the soil names Col. Table will show that these represent 
new soil terminology, but are those that experienced soils engineers use 
when describing soil the basis visual and manual examination. 

Emphatically the group symbols are not intended substituted for de- 
tailed descriptions. However, the use these symbols proper when com- 
paring physical characteristics different soil groups, Table references 
(15)(16). 


GW-SW Groups.—These soils are well graded. They comprise gravelly and 
sandy soils having little fines. The presence the fines must not 
noticeably change the strength characteristics the coarse-grained fraction 
and must not interfere with its free-draining characteristics. areas subject 
frost action, the material should not contain more than about soil 
grains smaller than 0.02 diameter. Where frost action not factor, 
contents the order 10% passing No. 200 mesh may not objectionable. 
The and soils would classified the system materials. 

GC-SC Groups.—These soils also are well graded. They comprise gravel- 
mixtures and sands with excellent clay binder, other natural cement- 
ing agent, proportioned that the mixture shows negligible swelling and 
shrinkage. Thus, dry strength and materials usually provided 
small amount highly colloidal clay, and some cases the cementation 
caleareous material (as coral), iron oxides (as iron ore gravels). 
The letter these group symbols conveys the mganing both “clay” and 
“cementation.” 

Materials the and groups correspond the group the 
system. may used road surfacing material because they are stable 
under wheel loads both wet and dry condition. However, they are usually 
subject action. 

GP-SP soils are poorly graded. They comprise gravels 
and sands, containing little fines, stated for the and groups. 
Materials the and groups can subdivided into: 


(a) Uniform gravels, such the clean, round-grained gravel deposited 
gravel banks along the middle courses rivers; 
(b) Uniform sands, such beach sand and dune sand; and 
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(c) Nonuniform mixtures very coarse material with fine sand, with inter- 
mediate sizes lacking, often results during excavation from mixing gravel 
and sand layers. 


These groups would classified the system. 

GF-SF coarse-grained material which contains detrimental 
fines (either silty clayey) and which does not qualify for the groups 
classified the GF-SF groups. Silty gravels, silty sands, poorly graded 
gravel-sand-clay mixtures, and sand-clay mixtures are typical examples. 
the system they would classified materials. 

Identification Coarse-Grained Soils—In field identification coarse- 
grained materials, the gradation, grain size, shape, and the mineral composition 
are examined spreading dry sample flat surface. 

The division between gravelly sands and sandy gravels has not been 
standardized. Many highway engineers classify gravelly sands containing 
only 20% 30% gravel sizes (retained No. mesh) gravelly soils. 
exact point division unimportant, except for specifications, and 
boundary cases may classified GW-SW, and forth. 

Considerable experience required differentiate, the basis visual 
examination, between some well-graded soils and poorly graded soils. 
doubt, mechanical analysis should made and the grain-size curve plotted, 
from which the gradation characteristics can judged. 

Examination fines confined the fraction passing No. mesh (United 
States Standard), which fraction usually called the the 
absence sieve, this separation can performed tolerably well hand. 
The binder mixed with water, and its plasticity characteristics and dry 
strength are examined. The dry strengths are listed Col. Table 
more accurate identification, quantitative determination the liquid and plas- 
tic limit the binder, and the grain-size curve the entire material are 

Identification active cementing agents other than clay usually not 
possible visual and manual examination, since such agents require curing 
period days, and even weeks. the basis the actual use such 
soils that they are classified into the GC-SC groups. the absence such 
experience, they may classified tentatively into other groups, neglecting 
any possible development strength due cementation. 

Depending the use which coarse-grained soil put, the durability 
its grains may require careful examination. Pebbles and sand grains con- 
sisting sound, igneous rock are easily identified. Weathered material 
recognized from its discolorations and the relative ease with which the grains 
can crushed. Pebbles consisting weathered granitic rocks and quartzite 
are not necessarily objectionable when used for the foundations pavements. 
the process compaction, some round-grained quartzite gravels, found 
southeastern United States, will break into much smaller, but angular and 

quite durable, quartz fragments which will form well-graded stable base. 
Disintegrated granite California extensively used highway construction. 
the other hand, coarse-grained soils containing fragments shaley rock 
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may dangerous because alternate wetting and drying may result partial 
complete disintegration. This tendency can identified slaking test. 
The particles are first thoroughly oven-dried, sun-dried, then submerged 
water for least hours; finally, their strength examined and compared 
with their original strength. Some types shales will completely disintegrate 
when subjected such slaking test. 

The properties coarse-grained soils the undisturbed state (natural 
deposite man-made fill) require examination they are used that 
condition. Depending the problem, several the observations and tests 
listed Col. Table will required. 


the transition between coarse-grained and fine-grained soils, usually 
those soils containing more than 50% material smaller than 0.1 
size (passing No. 150 mesh) are classified fine-grained soils (ML CL); 
and soils containing less than 50% smaller than 0.1 size are classified 
coarse grained (SF SC). non-plastic, silty, fine sand with 40% 
60% passing No. 150 mesh would classified soil. 

basic importance the classification fine-grained soils the plas- 
ticity measured the Atterberg liquid and plastic limit tests, estimated 

The Plasticity writer’s method using the liquid and plastic 
limit values for soil identification illustrated the plasticity chart, Fig. 


Approximate Upper Limit 
Soils Tested 


Liquid Limit 


The inclined A-line represents important empirical boundary. goes 
through the point the base line having liquid limit 20, and through the 
point with liquid limit and plasticity index its 
equation is: Plasticity index 0.73 (liquid limit 

The A-line represents the empirical boundary between typical inorganic 
groups) which are generally above the A-line, and plastic soils 
containing colloids groups) which are it. Also located 
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below the A-line are typical inorganic silts and silty clays (ML and groups), 
except for liquid limits less than 30, for which values inorganic silts may range 
slightly above the A-line. 

For soils having liquid limits less than 25, there considerable overlapping 
several soil groups shown the dotted area Fig. For example, 
soil with liquid limit and plasticity index could classified accord- 
ing its grain-size composition and physical characteristics either sandy 
clay (CL), very clayey sand (SF), may such well-graded mixture 
sand and clay fall into the group. Frequently, such soils will 
classified boundary cases CL-SC CL-SF; SF-SC. soil with 
liquid limit 20, and plasticity index may either typical rock 
flour (ML), very silty sand with trace plasticity (SF), boundary 
case designated SF-ML. spite this overlapping, experienced soils 
engineer will able differentiate between these soil groups purely the 
basis field identification. 

Relation Between Position Plasticity Chart and the Physical Properties.— 
Experience has shown that the compressibility, when compared equal pre- 
consolidation load, approximately proportional the liquid limit, and that 
materials having the same liquid limit possess approximately equal compressi- 
bility. comparing the physical characteristics soils having the same 
liquid limit, will found that, with increasing plasticity index, the cohesive 
characteristics (toughness and dry strength) increase, whereas permeability 
decreases. 

The behavior soils equal liquid limit, with plasticity index increasing, 
compared with their behavior equal plasticity indexes, with liquid limit 
increasing, summarized follows: 


Comparing soils 


equal liquid limit 


equal plasticity index 


Characteristic with plasticity index increasing with liquid limit increasing 
About the same Increases 
Rate volume change........... Decreases 
Toughness near plastic limit...... Increases Decreases 


After plotting the results limit tests number samples from the 
same fine-grained deposit (Fig. 5), generally the points lie straight line 
approximately parallel the A-line. For example, for the thick stratum 
the so-called Boston Blue Clay,” which underlies large areas Greater 
Boston, the liquid limit ranges from more than along line corre- 
sponding approximately the lower boundary the area marked 
Clays.” hundreds limit determinations this clay, the average liquid 
limit and the average plastic limit 23. 

Position Typical Inorganic belt glacial clays Fig. 
seems cover most inorganic clays from Boston, Detroit, Chicago, and north- 
eastern Canada. Much tougher clays are represented the line showing test 
results clays from one locality Venezuela and the belt which covers 
gumbo clays from several southern states. 


Plasticity Index 
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Kaolin-Type Clays.—Interesting types fine-grained soils are the kaolin- 
type clays, usually derived from feldspar granitic rocks. the plasticity 
chart, they plot below the A-line. Although they are generally referred 
clays, they possess some the characteristics inorganic silts. They have 
relatively low dry strength; and the wet state show some reaction the 
shaking test, which characteristic the groups. However, they 
are extremely fine grained and smooth, and often contain great clay-size 
fraction many tough clays located well above the A-line, shown soil 
No. 4in Table Fig. the kaolin-type clays belt slightly below the 
A-line are from widely separate deposits. They may classified boundary 
cases, and Test results different type kaolin (from 
Mica, Wash.) are located along line which lies the area well below the 


Gumbo Clays 
(Miss., Ark., Texas) 


400 


Bentonite 


(Mexico City) 


Organic Silt 
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x 

100 

Diatomaceous 


(Calif. and Mass.) 
100 200 300 400 
Clays 


Liquid Limit 
(Vera, Wash. and 


Chicago, Canada) 


Organic Silt and Clay 
(Flushing Meadows, 
Liquid Limit 


Plasticity 


Organic Silt and Clay (Panama) 
Kaolin (Mica, Wash.) 


Inorganic Silts, Rock Flour, Micaceous, and Diatomaceous 
common types inorganic silts and rock flour have liquid limits less than 
and are located the area, Fig. typical rock flour, such found 
glaciated areas, usually nonplastic. 

Kolian deposits the loess-type have liquid limits ranging usually between 
and and vary from nonplastic (that is, the base line) the A-line, and 
exceptional cases also into the group slightly above the A-line. 

Micaceous soils have substantially greater liquid limit than similar soil 
without the admixture mica, illustrated Fig. the micaceous, 
sandy silt from Cartersville, Ga. 

Fairly pure diatomaceous earth generally nonplastic, with liquid limits 
above 100. With other fine-grained admixtures, diatomaceous soils were 
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found range throughout the and groups. The locations the 
plasticity chart two types fairly pure diatomaceous earth are shown the 
small shaded area the inset Fig. 

Organic very small admixture organic colloidal matter 
will cause inorganic clay increase its liquid limit, without appreciable 
change the plasticity index, thus causing relative shift position below 
the A-line. Fig. are shown the positions several organic silts and clays. 
Most the organic silts, silt clays, and clays deposited the rivers along their 
lower reaches near the Atlantic seaboard (for example, Hudson River silt, and 
Potomac River silt) range liquid limit between and more then 100 and 
are located the plasticity chart from units units below A-line. 

important property all fine-grained, organic soils the radical drop 
plasticity due oven-drying. This due the fact that organic colloids 
are very sensitive and undergo irreversible changes upon drying. Fig. 
this drying effect illustrated the two points, connected dashed line, 
for organic clay from New London, Conn. The liquid limit dropped from 
51, and the plastic limit from about 42, with the corresponding 
drop plasticity index from (Note: Oven-drying also affects the 
limits inorganic soils, but much more limited extent. Furthermore, 
the limits may either raised lowered drying, depending the soil. 
For this reason, not advisable dry soil samples before subjecting them 
the limit tests.) 

The limit tests can also performed most peaty soils after they are 
thoroughly remolded. liquid limit generally several hundred per cent, 
and the position such materials the plasticity chart well below the A-line, 
illustrated the inset Fig. 

Volcanic limits much greater than 100 are uncommon for 
typical, sedimentary, inorganic clays. However, clays which are formed 
chemical breakdown ash, such bentonite and the clays 
underlying Mexico City, Mexico, have been found possess liquid limits 
high 500. The inset Fig. shows the position for commercially avail- 
able bentonite, well the tremendous range over which the Mexico City 
clays extend. 


13. IDENTIFICATION FINE-GRAINED SOILS 


Basis Field has been shown how the limit tests, supple- 
mented necessary other tests, are used classify fine-grained soils. How- 
ever, the system devised that possible, with experience, classify 
most soils correctly the basis field identification procedures alone. The 
easiest way learning field identification under the guidance 
enced man. learn without such assistance, one should compare systemati- 
cally the numerical test results for typical soils each group with the 
the material while performing the field identification procedures. 

The distinguishing characteristics between coarse-grained soils 
grained soils have already been described. The principal procedures for field 
identification fine-grained soils are (a) the shaking test, (b) the examination 
plasticity characteristics, and (c) the examination dry strength. 
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addition, observation color and odor value, particularly for organic 
soils. 

Shaking this method wet pat soil alternately shaken the 
palm the hand and then squeezed between the fingers. nonplastic, fine- 
grained soil will become and show free water the surface while being 
shaken. Squeezing will cause the water disappear from the surface and the 
sample stiffen and finally crumble under increasing finger pressure, like 
brittle material. the water content just right, shaking the broken pieces 
will cause them liquefy again and flow together. The speed with which the 
pat changes its consistency and the water the surface appears disappears, 
distinguished (1) rapid, (2) sluggish slow, and (3) reaction. Rapid 
reaction the shaking test typical for nonplastic, uniform, fine sand (SP, 
SF) and inorganic silts (ML), particularly the rock flour type; also for di- 
atomaceous earths (MH). With decreasing uniformity the reaction becomes 
more sluggish. Even slight content colloidal clay will impart some plas- 
ticity and slow materially the reaction the shaking test; this true, for 
example, slightly plastic, inorganic, and organic silts (ML, OL); very silty 
clays and many kaolin-type clays (ML, MH, and MH- 
CH). Extremely slow reaction the shaking test typical for all 
clays above the A-line (CL, CH), well for highly plastic organic clays 
(OH). 

Plasticity Characteristics —Examining the plasticity characteristics should 
start with small sample having soft, but not too sticky, consistency. This 
sample alternately rolled into thread and folded into lump, and the in- 
crease stiffness the thread observed the plastic limit approached. 
After the water content has dropped below the plastic limit, the pieces the 
threads should lumped together, and slight kneading action the lump 
continued until crumbles. 

The higher the position soil above the A-line the plasticity chart 
(CL, CH), the stiffer are the threads near the plastic limit, and the tougher are 
the lumps below the plastic limit. for such tough clays are the 
gumbo clays (CH) shown Fig. soils slightly above the A-line (as the 
glacial clays (CL, CH)), the threads the plastic limit are medium stiff and 
the lumps soon start crumbling when the water content drops. Soils below the 
A-line (ML, MH, OL, and OH) show, with very few exceptions, weak threads 
near the plastic limit. For organic soils and micaceous inorganic soils, located 
considerably below the A-line, the threads are very weak and spongy. All 
soils below the A-line, except soils near the A-line, lack cohesiveness when 
the water content drops below the plastic limit, and the lumps will readily 

When working locality where the air humidity fairly constant, the 
length time reach the plastic limit furnishes rough indication the 
magnitude the plasticity index. For example, for gumbo clay with 
liquid limit and plasticity index (CH), highly plastic organic 
clay with liquid limit 100 and plasticity index (OH), very much 
longer time will elapse before the plastic limit reached, compared with 
glacial clay the group. For slightly plastic silt (ML) the plastic limit 
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will reached very quickly. prevent misleading conclusion im- 
portant that the examination the plasticity characteristics started for all 
soils about the same consistency. 

Dry resistance piece dried soil crushing finger 
pressure indication the character the colloidal fraction soil. 

Almost dry strength characterizes nonplastic and soils. The 
dried lumps will fall apart under the slightest finger pressure. Typical rock 
flour and fairly pure diatomaceous earth are examples. 

Low dry strength representative all soils low plasticity, located 
below the A-line, and very silty, inorganic clays the group, slightly 
above the A-line. 

Medium dry strength typical most clays the group, and those 
clays the CH, (kaolin-type clays), and groups which are located 
near the A-line. 

High dry strength indicative most clays, also those clays 
located high above the A-line, well some organic clays the group 
having very high liquid limits and located near the A-line. 

Very high dry strength developed only those clays the group 
located high above the A-line, the gumbo clays shown Fig. 

field soil surveys color often helpful distinguishing between 

various soil strata, and, with sufficient preliminary experience with the local 
soils, also identifying the individual soils. the experienced eye certain 
dark drab shades gray and brown, including almost black colors, are 
indicative fine-grained soils containing organic-colloidal matter (OL, OH). 
contrast, clean and bright-looking colors, including medium and light gray, 
olive green, brown, red, yellow, and white, are generally associated with in- 
organic soils. 

soils the and groups usually have distinctive 
odor which, with experience, can used aid identification. This odor 
especially apparent fresh samples. gradually reduced exposure 
air, but can again brought out heating wet sample. 

Observations and Tests Relating Material foundations, the 
properties soils the undisturbed state require special examination. Most 
the denseness coarse-grained soils and the consistency fine- 
grained soils. Also, the consistency the same soil remolded with its natural 
water content should observed. For example, clay may described 
“stiff and brittle undisturbed state and very soft and sticky remolded 
Where the drainage characteristics are importance, one should 
observe stratification, root holes, and fissures. Depending the problem, 
other tests, such those listed Col. Table may required. 


General—Numerous suggestions have been received for the expansion 
the airfield classification system. Some have recommended the use sub- 
scripts letters and numbers added parentheses, supply more detailed 
information. Such additional symbols are useful abbreviations but have the 
disadvantage that they can read only those who have taken the trouble 
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acquire working knowledge such system. general, 
readers reports and publications should not burdened with more than 
minimum number symbols; full description words preferred. 

For soil specialists may desirable arrive agreement the 
use possible symbols for describing soils more detail the addition 
soil groups. For this purpose the most practical the suggestions received 
are summarized below, including the writer’s ideas, based experience ac- 
cumulated since the new system was formulated. 

Coarse-Grained field identification methods permit differenti- 
ation within the and groups between uniform soils (such beach sand) 
and those materials covering wide range sizes but poor gradation (as 
mixture gravel and fine sand which deficient intermediate sizes). 
adding the new groups and for uniform gravels and sands, respectively, 
and restricting the use the and symbols those materials which have 
wide but poor gradation, easy provide for this differentiation. 

distinguish between those soils the and groups which possess 
silt binder and those having plastic (clay) binder, the subscripts and 
respectively, can used, for example, SFm. The gradation the coarse 
fraction could also described subscripts, such as, and 

Fine-Grained entire range plasticity present divided 
into the two main groups designated with the letters Land Experience has 
indicated that the group covers too large range and that with practice one 
can distinguish field identification between soils having liquid limit ranging 
well below and those from soils such intermediate group 
could identified with the letter Thus, would designate very lean 
clay having liquid limit below 35, and located the plasticity chart above the 
A-line; would clay with liquid limit between and 50, above the 
line; and would fat clay with liquid limit larger than the 
A-line. 

localities where kaolin-type clays require attention, would desirable 
add such clays separate groups for which the symbols KL, KI, and 
suggest themselves. This illustrates the flexibility this classification, which 
permits adding new groups without affecting the main framework. should 
kept mind, however, that any expansion should not beyond the possi- 
bilities field identification. From that viewpoint there objection 
introducing the kaolin-type clays separate group, because anyone who has 
handled such clays and learned their will able recognize them 
readily. 

comparison the original groups fine-grained soils with this possible 
expansion illustrated will noted that the order has also been 
changed conform better the order usefulness soils foundation and 
earthwork engineering. 


15. CLASSIFICATION 


Describing soil detail the basis careful visual and manual in- 
spection, utilizing more less generally accepted nomenclature, classifies this 
soil, although rigid system used. This approach will designated 
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“descriptive soil such, may considered the oldest and 
most widely used classification. Not only field engineers and boring foremen, 
but also soil mechanics experts use this extensively, often preference 
more rigid system. 

The disadvantage the descriptive classification lies lack uniformity 
soil terminology. The abuse classifications giving only the group 
number soil without any further information, has perhaps been the greatest 
obstacle the development more uniform soil nomenclature. Therefore, 
the application any system classification excuse reduce the de- 
scription minimum eliminate entirely must strongly condemned. 
Instead, the main emphasis should always complete verbal description 
every pertinent characteristic soil, its undisturbed state well 
after reworked. 


Original Groups 


Suggested Expansion 


Liquid Limit 


Liquid Limit 


For example, soil might described “olive green, homogeneous, 
medium-plastic, silty clay, medium stiff and brittle the undisturbed state, 
very soft when remolded.” This descriptive classification will convey the 
reader, familiar with this terminology, fairly clear picture this soil. 
inadequate for any engineering use. 

soil surveyor forced describe each soil detail, will develop the 
habit examining with greater thoroughness than asked merely 
give the group number symbol. can, for convenience, use his own ab- 
breviations for frequently recurring characteristics thereby creating more 
detailed classification than afforded any existing rigid classification. Such 
abbreviations may the form numerous subdivisions certain classes 
within existing system. 

For some purposes the descriptive classification should emphasize specific 
soil characteristics. Regarding compaction, was often found useful group 
soils into (a) noncohesive, coarse-grained soils (that is, soils having dry 
strength); (b) typical cohesive soils (soils having considerable dry strength); 
and (c) those fine-grained soils having little almost dry strength. 


Descriptive most common adjectives used describing 
soils are: 
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Grain Size Grain Shape 
(1) Very coarse (4) Medium fine (1) Angular (4) Rounded 
(2) Coarse (5) Fine (2) Subangular (5) Well rounded 
(3) Medium coarse (6) Very fine (3) Subrounded 
Gradation Compactness 
(1) Very uniform (4) Fairly Very loose (4) Dense, firm, 
graded compact 
(2) Uniform (5) Wellgraded (2) Loose (5) Very dense, 
well com- 
pacted 
(3) Poorly graded (6) Very well (3) Medium dense 
graded 
Consistency 
Consistency Grading— Other Consistency Characteristics— 
(1) Very soft (4) Stiff (1) Brittle (4) Spongy 
(2) Soft (5) Hard (2) Friable (5) Sticky 
(3) Medium stiff (3) Elastic 
Plasticity 
Plasticity Grading— Cohesiveness Near Plastic 
(1) Nonplastic (1) Very weak (4) Medium tough 
(2) Trace plasticity (2) Weak (5) Tough 
(3) Medium plastic (3) Firm (6) Very tough 
(4) Highly plastic 
(1) Very slight (3) Medium (5) Very high 
(2) Slight (4) High 


Examples Descriptive Soil Classification—Examples descriptive soil 
classification will indicate how the adjectives can combined into detailed 
description: 


(1) Uniform, fine, clean sand with rounded grains. A-3; 

(2) Well-graded, gravelly silty sand; angular gravel particles, maxi- 
mum size; rounded and subangular sand grains; very silty binder low dry 
strength with plasticity; well compacted and moist undisturbed state. 
Equivalent A-2-3; GW-GF. 

(3) Organic silt; medium stiff and brittle undisturbed state and very 
soft and sticky remolded state; medium dry strength; weak and spongy 
plastic limit; crumbles readily below plastic limit. Equivalent A-7, OL-OH. 

(4) Highly plastic (fat) clay; stiff the plastic limit; forms tough lump 
when drying continued considerably below the plastic limit; medium stiff 
undisturbed state, soft and sticky when remolded. Equivalent A-6-7; CH. 


writer wishes express his appreciation 
Wilson for stimulating assistance. 
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Drain wells have been used accelerate the consolidation fine-grained 
compressible soils subjected new loads. However, mathematical analyses 
such wells have become available only recently, and are confined wells 
having infinitely pervious well backfill and peripheral smear. Complete 
formulas for consolidation vertical and radial flow wells, for cases with 
without peripheral smear and drain well resistance, are presented this paper; 
necessary derivations are given Appendix II. Because soils are not homo- 
geneous, and because incomplete knowledge stress-strain consolidation 
characteristics soils, these solutions should regarded approximate when 
applied practical problems. 


INTRODUCTION 


When soil mass subjected new load, compressive stresses cause 
reduction pore space and, saturated, the excess water expelled. For 
slightly pervious soil, time required accomplish this, and, initially, before 
any reduction pore space has occurred, the new compressive stresses are 
carried the water (called hydrostatic excess excess pore-water pressure). 
the excess water drains, the new compressive stresses are transferred the 
soil grains increasing the intergranular pressures. This process known, 
soil mechanics terminology, consolidation. 

New loads applied foundation soils create shearing stresses; maintain 
stability the soil must not overstressed. For slightly pervious compressible 
soils, the factors affecting the shearing strength are not fully understood 
present; however, known that the shearing strength increases with 
reduction the soil pore water. 

Most compressible soils are alluvial deposits and are more pervious the 
the bedding plane than perpendicular direction. This very 


comments are invited for immediate publication; insure publication the last dis- 
cussion should submitted November 1947. 
Soil Mechanics, Embankment and Foundation Branch, Waterways Experiment Sta- 
tion, Vicksburg, Miss. 
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pronounced varved deposits? laid down lakes during the wasting away 
the continental glaciers. such soils are loaded, horizontal flow acceler- 
ates the consolidation the soil mass compared with strictly vertical flow. 
Because the horizontal migration water, however, this process imposes 
dangerous condition the stability the foundation due increased pore- 
water reducing the intergranular stresses the toes fills. 

The limitation that the shearing strength shall not exceeded may 
met widening the loading area (thus reducing the shearing stresses the 
foundation), stage construction, thereby permitting gain shearing 
strength from the consolidation process. These methods are costly. Some- 
times more economical method may accelerate the consolidation process, 
and thus hasten gain shearing strength, the use vertical sand-filled 
holes known drain wells. Drain wells are especially efficient stratified 
soils because the greater perviousness parallel the bedding. Furthermore, 
drain wells permit control over the water migrating horizontal direction, 
thus reducing the excess pore-water pressures that might built the toe 
area earth fill. 

Drain wells have been used this country mainly the California State 
Highway and also eastern They have also been 
used the Providence (R. I.) District, United States Engineer Department, 
repair measure dike failure. Further use planned the latter or- 
ganization permit construction moderately high dam foundation 
containing large deposit soft varved silt. 

The theory consolidation drain wells was developed the author 
during the design the two Providence District projects previously noted. 
The theory for ideal wells having resistance flow the well bore and 
having smear the well periphery has been presented 
but consolidation theory which includes the effect well smear and well re- 
sistance presented here publicly for the first time. 

Notation.—The letter symbols this paper are defined where they first 
appear, the text diagrams, and are assembled for convenience Ap- 
pendix far possible the symbols conform with those given 
Mechanics Manual Engineering Practice No. 22. 
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Basic 


The basic theory consolidation has been developed Karl Terzaghi, 
ASCE.” For the purpose this paper the following basic assumptions 
are made: 


(1) All vertical loads are initially carried excess pore-water pressure 

(2) All compressive strains within the soil mass occur vertical direc- 
tion. Thus, the basic partial differential equation for consolidation three- 
directional flow stratified soils is: 


Drain 


which the coefficient per- 
meability the soil horizontal 
direction; the coefficient 
permeability vertical direction, 
the unit weight water; 
and are rectangular coordinates; 
the void ratio the soil; 
time; and a,, the coefficient com- 
pressibility the soil, equals 
For symmetrical flow central 
drain well Eq. becomes: 


which and are cylindrical co- 
ordinates defined Fig. 


Flow Across Drainage Surface 


(3) The most economical pat- Outer Surface 
tern drain wells that shown SECTION A-A 
should include the load distribu- 


tion and the effect each well 


the rate consolidation any point the foundation. However, 
believed that such solution would extremely cumbersome and rather 
academic when consideration given the heterogeneity the foundation, 
and the present incomplete knowledge the three-dimensional stress-strain 
consolidation properties fine-grained soils. 

(4) The zone influence each well circle (see Fig. 1). 

(5) Load distribution uniform over this area. 


auf Bodenphysikalischer Grundlage,” Karl Terzaghi, Deutiche, Vienna, 
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Drain WELLS 
Wherever drain wells are installed construction operations generally cause or, bec 
some remolding smear the fine-grain soil adjacent the well periphery, 
especially varved soils. Also, the backfilling the well, even with pervious 
material, results some resistance flow the expelled water the well 
bore. For ideal drain wells these effects are ignored, although solutions for 


these effects are discussed subsequently. 

Case Free initial solution for ideal drain wells made 
the assumptions that the load uniform over the circular zone influence for 
each well and that differential settlements occurring over such zone, con- 
solidation progresses, have effect redistribution stresses arching 
the fill. Furthermore, assumed that shear strains developed the 
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(a) For Flow Clay Stratum Thickness Drained Both Upper and Lower Surfaces 

(b) For Radial Flow Axial Drain Wells Clay Cylinders Having Various Values pre 
foundation differential settlements will have effect the 
process. The boundary conditions are: 

(1) Initial excess pore-water pressure, uniform throughout the soil 
(2) Excess pore-water pressure the drain well surface zero when 
(3) The external radius, impervious or, because symmetry, 


(4) Excess pore-water pressure the upper horizontal boundary the soil 
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(5) The lower horizontal boundary the soil mass impervious 
or, because symmetry, flow occurs across this boundary; that is, 
atz 


Subject the foregoing conditions solution Eq. for excess pore-water 
pressure, any point due consolidation both radial and vertical 
flow is: 

Ur Uz 
which and are, respectively, the excess pore-water pressures due radial 
only and vertical flow only. Similarly, the average excess pore-water 
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100 


Well Diameter Ratio, 


Fia. 3.—AVERAGE CONSOLIDATION FoR TERMS 


pressure throughout the entire soil mass is: 


which and are the average excess pore-water pressures throughout the 
entire soil mass due radial flow and vertical flow, respectively. Equations 
for and were developed Glover; those for and were de- 
veloped Karl more general solution may obtained when 
the initial excess pore-water pressure function provided expansion 
the soil occurs. Equations for and for this case were developed 
Gilboy, Assoc. ASCE. 


Technical Memorandum No. 158, Glover, Bureau Reclamation, Denver, Colo., 1930. 
Mechanics,” Gilboy, Inst. Tech., Cambridge, Mass., 1930 (mimeographed notes). 
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Curves average excess pore-water pressures due purely radial flow 
Yo d? e 
which the ratio the zone well influence well diameter. 


versus time factor for various values are shown 


given Fig. curve average excess pore-water pressure due vertical Fig. 

0 Ue 

diameter for various time factors are shown Fig. These curves 

permit the construction average pore-water pressures versus time factor 

curves similar those shown Fig. for any value between and 100. 

Variations excess pore-water pressures various points, due radial 


flow, for well diameter ratio 40, are shown Fig. indicating much 


c s 
c 


0.01 0.04 
Time Factor, 


faster rate consolidation nearer the well compared that nearer the 
outer zone well influence. Shown Fig. excess pore-water pressure, 
Uz, due vertical flow only, versus relative depth, clay layer for various 
time factors T,. The relative depth, defined the ratio the depth 
the point the total thickness the clay deposit. Use the curves 
shown Fig. and Fig. explained the following example. 
bed varved clay, thick, resting impervious rock, 
and having free drainage its upper surface quickly loaded with very wide 
fill ton per ft. Tests undisturbed soil samples furnish the 


sec; 500 per sec (assumed); and 0.125. Settlement 
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under the 1-ton loading will be: 


Fig. shows time-average consolidation curve for vertical flow only. (The 
effect horizontal flow has been neglected.) For time months, 


Values for various stages consolidation are obtained from time factor 


consolidation curve for vertical flow only, given After the average 


Average Excess Pressure (%), 


0.2 


Average Consolidation (%), 


CONSOLIDATION VERTICAL FLOW FOR VARIOUS 


Ratio, Depth Thickness Clay Layer 
uo 


consolidation has reached 50%, sand-filled drain wells diameter are 


installed apart equilateral pattern. For time months, 


Values for are obtained from the time factor consolidation curve for 
The time for 50% consolidation vertical flow only 


which is, therefore, the origin for the radial-average consolidation curve. 
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For example, nine months 
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For wells installed before the load has been added, the solid curve for 
shown Fig. may used. The effect drain wells installed when 50% 
consolidation had been obtained and before application load shown 
Fig. Where the effect wells obvious. 
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The determination excess pressure point the bottom the clay 
layer and the outer edge the influence zone well nine months after 
the outer surface the zone influence (for 40) obtained from 


Fig. 4 at = 


this point, which, incidently, consolidates the slowest rate all, Eq. 


oO 


0.525, and 26%. Therefore the excess pressure 


Case Equal Vertical Strain.—For consolidation radial flow with free 
strains permitted, the soil adjacent the well consolidates and compresses 
faster than soil farther away from the drain. This difference rate con- 
solidation develops differential settlement the upper surface the soil mass 
and shear strains within the mass. For free strains, was assumed that these 
effects did not influence the redistribution load the soil nor the rate 
consolidation. obvious, however, that these effects will redistribute the 
load some extent, depending the amount arching developed the 
material above the compressible soil. The extreme case would where the 
arching process redistributes the load the consolidating soil that all ver- 
tical strains are equal and differential settlement develops. This condition 
israther severe. can obtained the laboratory use rigid loading 
platform, and probably approached the field the ratio large. 

Using Eq. the rate which water expelled from differential soil 


cube is: 
The volume lost any point is: 


which the same any depth for any given time. any depth, the rela- 
tion between the average hydrostatic excess pressure, and the average inter- 
may rewritten as: 


Equating Eqs. and and simplifying, 


which coefficient consolidation for horizontal flow and equal 
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For radial flow only, this becomes: 


solution for this expression is— 


—in which 


The initial distribution the hydrostatic excess pressure not uniform (see 
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Fig. 7); but with passage time the distribution approaches that for the free 
strain case (see Fig. 8). 
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PERIPHERAL SMEAR 


drain wells are installed driving cased holes and then backfilling 
the casing withdrawn, the driving and pulling the casing will distort and 
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Time 


DRAINAGE ONLY FoR VARIOUS VALUES UNDER CONDITIONS VERTICAL 


remold the adjacent soil. varved soils the finer and more impervious layers 
will dragged down and smeared over the more pervious layers, resulting 
reduced permeability the soil adjacent the well periphery. This 
distortion the soil very 
similar that which occurs 
during sampling operations (see 
Fig. 9). not difficult 
visualize far greater smear 
from the use heavy cas- 
ing hollow mandrel with 
bottom plug which displaces 
entirely the soil the location 
drain well. 

The remolded smeared 
zone creates additional resist- 


+} 


pelled. This, turn, will re- 


tard the rate consolidation. The smeared zone will not constant thick- 
ness nor will homogeneous far soil properties are concerned. For this 
analysis, however, obtain solutions for smear effect assumed that the 
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thickness the smeared zone constant and homogeneous. further as- 
sumed that because the remolded zone adjacent the drain well and will 
consolidate very fast its consolidation can ignored and the zone treated 
incompressible material. 

the smeared zone Eq. then becomes: 


) 


which the coefficient permeability the smeared soil. 
follows that variation excess water pressure between and the outer 
limit the smeared zone, is: 


which the excess pressure and Added boundary con- 
ditions required because the presence the smeared zone are: First, that 
the excess water pressure the boundary the smeared zone the same 
the undisturbed zone the smeared zone and, second, that 
the rate flow out the undisturbed zone equal that into the smeared 
zone, that r,: 


Case Free consolidation radial flow central drain well 
with smear zone its periphery, Eq. reduces to— 


lou 
—from which solution for u,, for uniform initial excess pore-water pressure 


distribution, subject the previously noted boundary conditions, is: 


which 


The functions and are Bessel functions the first kind 
and first order, respectively, and and are Bessel functions the 
second kind zero and first order, respectively, and are the 
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roots 
and 


The average excess pore-water pressure between and is: 


consolidation occurs both radial and vertical flow, approximate solution 


for the excess water pressure is: 


found Eq. 15; the average excess pressure for the entire body 


between and is: 


which obtained from Eq. 19, and values and are obtained from 
Figs. and and are approximate because the effect vertical 
flow the smeared zone has been neglected. However, for reasonable values 

Case Equal Vertical Eq. for consolidation 
radial flow central drain well with smeared zone its periphery is— 


#2 k n2.— 


which 


and can expressed as— 


—in which 
(25) 


For combined radial and vertical flow, approximate solutions may obtained 
using Eqs. and with and obtained noted previously. 


will 
(12) 
that 
(13) 
well 
(14) 
the 


0.04 0.06 1.0 4.0 


the other hand, the flow small, for shallow deposits and tight deposits, 
or, the well area large, then the resistance the well flow will small. 
very pervious filling would ideal from the standpoint minimizing well 
resistance but filter action needed with sufficiently small voids the backfill 
prevent the surrounding soil from clogging the well. This need 
especially required for cohesionless silts and for varved soils which the 
more pervious part the varves fine sand coarse silt. For clays the filter 
requirements are less certain. 

solution for the effect well resistance the rate consolidation for 
free strain has not been developed. solution has been developed for equal 
vertical strain, with without smear, where the consolidating soil equal 


zero; that is, but because vertical flow exists. 
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For purposes studying the effect smear retarding the average rate 
consolidation, Eq. preferred Eq. because its simplicity. The are 
effect smear indicated Fora greater ratio the difference 
still larger. 
WELL RESISTANCE 
The foregoing developments are for ideal drain wells infinite permeability 
offering resistance flow the well. Actually, head losses will occur due 
resistance well backfill material flow. the flow large, 
well area small, then the back pressure due well resistance will high. 
Smear Zone Well Time and 
and 
30 The 
son’ 
Case 
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solution Eq. for any point where smear and well resistance 
are involved is— 


n2 


which the average excess pressure between and depth is: 


+ —Bz 
and 


which the permeability the well backfill. 
The over-all average excess pressure over the entire soil mass between 
and and between and is: 


This may solved approximately graphical integration use Simp- 
son’s rule. this solution horizontal flow the drain well backfill has been 
the effect well resistance given Fig. 10. 
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APPENDIX NOTATION 


The following letter symbols, adopted for use this paper and for the 
guidance discussers, conform essentially Mechanics 
ASCE Manual Engineering Practice No. 22, prepared Committee 
the Soil Mechanics and Foundations Division, and adopted the Society 
April, addition, the symbols linear concepts are defined Fig. 
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hydraulic gradient; 
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constant integration; 


constant integration; 
constant integration; 
coefficient consolidation: 


diameter: 
void ratio soil; 
depth clay mass from free-draining horizontal surface 
impervious one; 


coefficient permeability: 


intergranular pressure: 
final; 
average; 
rate flow water; 
radius, coordinate the cylindrical system: 
spacing drain wells; 
time factor: 
time consolidation: 
due horizontal flow; 


excess pore-water pressure: 

initial uniform; 

due radial flow; 

Ure due radial flow outer limit remolded zone; 


= 

3 
| 
4 
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due radial flow outer limit remolded zone and 
depth 
due radial flow only depth 
due combined radial and vertical flow; 
due vertical flow; 
due radial flow the smeared zone point 
due radial flow remolded side zone 
boundary; 
average excess pore-water pressure: 
due radial flow; 
throughout entire mass, due combined radial and 
vertical flow; 
due vertical flow; 
undisturbed zone depth due radial flow with 
well resistance; 
entire undisturbed soil mass, due radial flow with 
well resistance; 
coordinate the rectangular system; 
coordinate the rectangular system; 


coordinate both the rectangular and the cylindrical systems; 
root Eq. 17; 

substitution factor defined Eq. 29; 
unit weight water; 
base natural logarithms; 
substitution factor defined Eq. 39; 
substitution factor defined Eq. 
substitution factor defined Eq. 18; 
substitution factor defined Eq. 23; 
substitution factor defined Eq. 25; 
total average stress depth and 
coordinate the cylindrical system. 


APPENDIX II. DEVELOPMENT SOLUTIONS 


PERIPHERAL SMEAR 


Derivations Eqs. and are given also proof 
their Therefore, these derivations and proofs are not presented here. 


FREE STRAIN WITH PERIPHERAL SMEAR 


Assume cylindrical body fine-grained, saturated compressible soil with 
impervious boundary and central drain having resistance flow 


‘ 
] 
| 
= 
= 
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Also, assume that the horizontal permeability the soil mass 
while that vertical direction, k,, zero. Further assume that the central 
drain surrounded zone remolded soil whose permeability and 
which bounded the well surface, r., and the outer radius the re- 
molded zone, The outer radius the cylindrical body undisturbed soil 
further assumed that the cylindrical body loaded that excess 
pore-water pressure f(r) induced time zero and that during the process 
consolidation vertical strains not redistribute the load the soil 
The remolded soil assumed undergo consolidation. 
The boundary conditions are: 


(2) flow occurs accross the impervious surface the outer boundary 

(3) vertical flow takes place because 

(4) The flow water through the remolded zone surrounding the drain, for 

(5) The seepage the interface between the undisturbed and remolded 
soils equal the seepage away 13). 


Q 


Equat 


roots 


The basic partial differential equation the undisturbed zone (r, 
expressed Eq. 6b, solution for which 


which and Bare constants integration. boundary con- 
dition operative and 


Therefore, 


and 


w= (27) To =A To . (35) 


The excess pressure the remolded zone rw) may expressed 


Also, a 
q 
| 


June, 1947 DRAIN WELLS 829 


ntral 
and 


and 


0 r,s 
cess 


Equating Eqs. and 38, simplifying, and substituting, 


root this equation, the fifth boundary condition satisfied and the 
roots are infinite. Therefore, 


for 


ay ae a3 


con- satisfy the first boundary condition. 


a® — (a’)? 


Therefore, all the right-hand terms Eq. when multiplied and integrated 
previously noted vanish except where a’, and 


(32) 


(33) 


4 
(34) 


f(r) 


case 


vertic 

Therefore, 


which 


Substituting Eq. for the initial uniform excess pressure, 


U%, (a 8) (a 8) 


inc 


which Eq. 15. 
The average excess pressure the cylinder compressible soil 
and found integrating Eq. and dividing the area. 
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Substitution Eq. Eq. 51, followed integration and simplification 
produces the following, which Eq. the main paper: 


iy = Uo . (52) 


EQUAL VERTICAL STRAIN WITH WITHOUT WELL 
RESISTANCE PERIPHERAL SMEAR 


Assume cylinder soil with conditions similar those the previous 
except that the well backfill has finite permeability, which furnishes 
resistance flow expelled water the well bore. Further assume that all 
vertical strains any depth This means that there are shearing 
strains and consequently differential settlement the upper surface. Be- 
cause this last condition the same amount water expelled from all differ- 
ential soil cubes given depth for any given time. All flow the well bore 

The boundary conditions are then follows: 


(1) Initial uniform load placed upper surface cylinder. 
(2) flow across the impervious surface outer boundary soil cylinder 


(3) vertical flow soil cylinder because 
(4) Flow water through the remolded zone surrounding the drains is, 


(48) 


for conditions consolidation this zone. 

(5) Seepage the interface between the remolded soil and undisturbed soil 

(6) the excess pressures both sides the interface are equal; 

(7) Excess pressure the drain well zero 

(8) base drain well vertical flow ceases; that is, 

(9) The radial flow from the soil into the well depth, equal the 
inerease flow the well: 


, 2. 


Because the vertical strains are all equal any given depth, the amount 
water expelled from any small soil mass the same throughout the entire 
any given time. Therefore the amount water passing any radial 


f(r): 
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between that radial surface and the external boundary. Thus, 


which the hydraulic gradient; the area flow; and with appro- 
priate subscripts, represents integration constants. Therefore, 


and the pressure distribution any depth, time is: 


2 


The excess pressure, the remolded zone condition (4) is: 


which the excess pressure and depth and the excess pres- 
sure the drain well depth and condition (6) requires that 
the interface. Equating Eq. with Eq. 58, 


loge (s) 


that 


This makes 


that substitution Eq. gives: 
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The average excess pressure between and is: 


accordance with condition (9) and Eq. 60, 


However, from 64: 
4 (a, red Uw, 2) 
(66) 


and Eq. may written as, 


solution for which is: 


Substituting these Eq. gives: 


55) 
56) 
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Ue = Up = 


therefore, 


The relationship between average excess pressure and average soil pres- 
sure is: 


which the total average stress, constant for any fixed loading. There- 
fore, 


and, because all strains are equal, 


The volume change then any depth between and is: 


and the total rate volume change depth for time is: 


OV — Ay Ou, 


which equal Eq. 79; and, thus, when 


2 2 (i e) kn at a, F(n, 8, ka, ks) ty 


and 


June, 


then, 


and, 


well 


The 


whi 


| 

From and 56, the total water flowing into the well depth is: 

7 


pers 


79) 


32) 
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then, 
and, 


which will recognized Eq. Eq. excess pressure the drain 
well is: 


Uv,2 = 


From Eqs. and the excess pressure any point within the undisturbed 


soil is: 
f(z) 


The average excess pressure, throughout the entire undisturbed soil mass is: 


which may solved such approximate method Simpson’s rule. For 
smear but with well resistance, F(n, ks) reduces F(n) given 10. 
For smear but well resistance, f(z) becomes equal 
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RIVER INFILTRATION SOURCE 
GROUND WATER SUPPLY 


Founded November 1852 


The characteristics ground water supply based the infiltration 
water from near-by stream are discussed. The effect changes river 
stage upon yield, well the effect changes river temperature well 
field yields, drawdowns, and water temperatures, are revealed through the 
data presented. The absence pathogenic bacteria from the ground water 

despite the contamination the source water shown. 

The paper describes method testing well field horizontal collectors 
determine the firm yield the field under the worst probable conditions 
river stage and temperature. 

The construction horizontal collector described and the production 
record and operating characteristics field seven such units are given 
detail. The paper based more than four years careful observation 
the water supply the Indiana Ordnance Works near Charlestown, Ind., and 
was written while the writer worked for the United States Geological Survey. 


INTRODUCTION 


adequate supply water becoming more important new industries 
develop which depend large quantities water for cooling purposes and 
manufacturing processes. The producers foods, synthetics all kinds, and 
precision machinery are among the newer industrial water consumers. The 
problem obtaining large quantities satisfactory water minimum cost 
isa difficult one, even under the best available, ground 
particularly desirable because its cheapness and its relatively uni- 
form quality. 

This paper summarizes the data and conclusions obtained from study 
the ground water supply the Indiana Ordnance Works. Since the well field 


comments are invited for immediate publication; insure publication the last 
should submitted November 1947 


Engr., Ranney Method Water Supplies, Inc., Columbus, Ohio. 
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composed seven horizontal collectors, brief section devoted their "Ver 
construction. However, the greater part the paper contains analysis reach 
data obtained during more than four years continuous well field operation 
and includes the details test conducted determine the capacity the 
water production system. 
porth 
LocaTION AND DESCRIPTION WELL FIELD 
The well field the Indiana Ordnance Works situated the Indiana 
shore the Ohio River about miles north Louisville, Ky., between the After 
river and the upland narrow flood-plain terrace composed primarily 
gravel, although covered layer silt and top soil. The geology not 


significantly different from any one hundred terraces Ohio River. 


SCALE FEET 
000! 


(OBSERVATION WELL DISTANCES 
NOT SCALE.) 


The log observation well which from collector (see Fig. 


Depth 


(ft) Description 
Gravel boulders and sand, mixed 
Sand and fine gravel 


The bedrock floor, which about 100 below the land surface the 
edge, continues that elevation inland from 200 500 ft. the basis 
test drilling inland there seems sharp rise the rock floor which flattens 
off about below the land surface and meets limestone bluffs 
much 1,500 inland. this basis alone the gravel area would seem 
relatively large one. Actually, the width the aquifer from which the col- 
lectors draw water ranges from about 200 500 ft, extending inland from 
the river’s edge. Fig. map the Indiana Ordnance Works field which 
shows the collector locations. Production wells are plotted scale but ob- 
servation wells are spotted diagrammatically: The gravels extend into the 
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river undetermined distance, but gravel companies dredge gravel the 
reach opposite the well field from about 500 1,500 offshore. 


CONSTRUCTION COLLECTOR 


collector caisson the lower end which are one more tiers 
portholes. The portholes are spaced uniformly each tier. After the caisson 
(usually inside diameter) reaches the requisite depth, thick concrete 
plug poured the bottom keep out water and extraneous material. 
After the plug has hardened, lengths slotted well casing in. diameter 
are jacked hydraulically into the surrounding water bearing formation. The 
boring head each slotted pipe lateral has holes enabling the returning 
water carry fines with the central caisson. This flow water washes 


OBSERVATION WELL 


ORDNANCE WORKS 


out the silt and fine sand the formation, leaving natural gravel pack around 
the slotted pipe. 

After predetermined number pipes, with total length from 1,000 
1,200 ft, have been pushed out, all the portholes are closed gate valves 
and the pipes are flushed one one until the water coming from each one 
the Indiana Ordnance Works the amount sand removed 
from each collector during the pushing pipe was between and 100 
Fig. shows plan and section collector the Indiana Ordnance 
Works which typical unit. The position the laterals, relative the Ohio 
River and the bottom the caisson, indicated. Figs. and are photo- 
graphs taken during the construction similar collectors. 


OPERATION 


The collector field consists seven horizontal collectors spaced intervals 
from 1,300 2,000 within 100 the river’s edge normal pool 
stage. each unit two pumps were installed each capable delivering 3,500 
gal per min. Thus, the field had pumping capacity approximately 49,000 
gal per min about mgd. The field was first pumped April, 1941, and 
continuous operation until October, 1945. 
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From April, 1941, April, 1945, inclusive, period forty-nine months 
continuous operation, total 58.3 billion gal was pumped average rate 
39.7 mgd. The highest monthly pumping rate occurred September, 1944, 
when average 51.2 mgd was pumped. The lowest monthly pumping rate 
during routine plant operation occurred November, 1941, when 28.1 mgd 
were pumped. The days greatest water production were September 15, 
1942, when 55,975,000 gal were pumped and June 26, 1944, when 55,742,000 
gal were pumped. data are available for peak hourly water supply, but 

undoubtedly the field has been pumped rate 
more than mgd for short periods. The 

average daily water production for each month 
plant operation shown Fig. 


460 
has been found that the principal source 
water pumped the collectors was water from 
Ohio River which infiltrated the aquifer. 
400 field water temperatures; and study the 
The relationship between water level, river 
stage, pumping rate, and the viscosity water 
360 indicated study river and observation 
Direction well hydrographs and pumpage. 
For example, the Ohio River was approxi- 


mately pool stage, El. 420, throughout the 
months January, 1944, and June, 1944. 
January the average daily pumpage from the field 
was about mgd; June was nearly mgd. 


collector the average daily pumpage Jan- 

100 200 300 uary was slightly more than million gal; 

June lightl than million gal; yet 
SCALE une was slightly more than million gal; yet, 


despite constant pool stage and increase 
pumpage the entire field, the average water 
level elevation observation well (200 inland from collector rose 
from 399.5 January 402 June. 

The only major variable factor not heretofore mentioned temperature. 
January the average collector water temperature was 59° and June 
was 55° However, the river water temperature averaged 35° January 
and 78° June. For rough computations, the average the river and col- 
lector temperatures January was June, The kinematic 
viscosity water changes from 1.38 1.01 centipoises that range—a decline 
more than 35%. This decline water viscosity evidently accounts for 
apparently contradictory condition: Same level; more water pumped; 
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Views 
(a) Sinking the Caisson 
Completed Collector Undergoing 3,000 Gal per Min Test 
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smaller drawdown aquifer and pumped well. The subject discussed more 
fully later this paper. 

The effect rise the river stage was immediate rise water level 
the pumped well and the observation well despite constant pumping rate, 
illustrated the rise water level well April, 1945, paralleling 
river rise despite constant pumping rate collector The aquifer the 
neighborhood collector was under water table conditions long the 
water level was below El. 420. Consequently, changes water level repre- 
sented gain, loss, water storage. 

Changes the pumping rate collector also had immediate effect 
water levels well regardless the trend water levels due 
changes the river stage. Detectable changes water level the vicinity 
the collector were caused minor variations pumping rates. 


Pumpage, Million Gallons Per Day 


River water temperatures and their effect ground water temperatures 
form subject. Fig. shows thermographs the river water 
and the water discharged several the collectors into one the two 
main reservoirs the plant. study the available data indicated that 
seasonal trend river temperatures was followed similar trend collector 
water temperatures from eight twelve weeks later. However, the period 
lag has differed from collector collector, being little six weeks one 
and much fourteen weeks another. The lag any particular unit 
appeared depend the operation schedule and the interference near-by 
units and the geology the aquifer, well the abruptness river 
temperature changes. 

study the problem temperature fluctuations the aquifer shows that 
there were several factors involved: (1) The mixing ground water with in- 
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Water Temperature, in Degrees Fahrenheit 
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filtrated river water when the field was first pumped; (2) the admixture 
river waters different temperatures while route the collector; (3) the 
heat storage the aquifer and underlying rocks; and (4) the conduction 
heat upward the surface and laterally within the aquifer due temperature 
gradients. 

The water coming from the river entered the aquifer not only directly 
opposite the collector, but also upstream and downstream from it. Thus, dif- 
ferent hydraulic gradients were established between the collector and the river 
depending upon the point infiltration the water. The nearer the col- 
lector that infiltration occurred, the steeper the gradient and the greater the 
water velocity, all other things being equal. result, water that left the 
river long time ago reached the collector one path the same time 
water that left the river more recently reached the well along another path. 
Thus, integrating process went the aquifer produce water warmer 
than the river temperature lows and cooler than the river temperature highs. 
During certain times the year the temperature differential between river and 
collector water was from much 18° 


~ 
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Water Temperature, in Degrees Fahrenheit 


a 


w 


oO z z a oO z oO 

1941 1942 1943 1944 


The foregoing description is, however, oversimplification the actual 
physical process involved. Superimposed this idealized mechanism the 
effect temperature the viscosity the water and consequently the 
flow the aquifer. The viscosity difference increases the percentage 
warmer water entering the well compared the idealized case. the 
summertime, when the river warm, water coming from the reach opposite 
well will have the advantage decreased viscosity plus the steeper hydraulic 
gradient compared older (and colder) water already infiltrated from other 
reaches the river. the other hand, the winter, when river tempera- 
tures are low, the viscosity factor will tend increase the relative velocity 
water infiltrated from the river earlier date and from greater distances 
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compared the newer and colder water approaching the well along the direct 
path. This condition and others, such heat flow within water and heat 
storage the aquifer and its underlying bedrock, tend make the exact 
mathematical analysis extremely involved for even the simplest example 
flow well. 


TEMPERATURE CHARACTERISTICS INFILTRATED WATER 


The units the Indiana Ordnance Works are composed eight ten 
laterals (actually horizontal wells) converging central caisson. 1943, 


thermocouples were installed 
temperature readings. Fig.7 


When these thermographs 

and the layout the laterals 

Fig. are studied, the rela- 

tionship between the position 


the lateral and the tem- 


perature variation becomes 


o 


Temperature. Degrees Fahrenheit 


> 


the laterals which 

1943 1944 1945 project toward the river are 

WELL AND A-2 AND A-5 more affected river tem 


perature changes than are 
those which project the land side. temperature differential 
existed September 22, 1944, between laterals A-2 and 

One deduction made from this data that, even under the same con- 
ditions hydraulic gradient, the proportion water entering the collectors 
from each lateral constantly changing throughout the year response 
temperature changes the aquifer. The reason for this found Darcy’s 
equation for flow porous media: 


which the quantity flow; the permeability the materials com- 
posing the aquifer; the hydraulic gradient; the cross-sectional area 
perpendicular the direction flow; and the viscosity the 
noring other factors, the range temperatures shown Fig. from 46° 
78° the coefficient viscosity ranges from 1.39 0.88 centipoises. 


other words, the coefficient viscosity 78° only 63% the coefficient 
46° 


SANITARY QUALITY WATER 


The bacteriological quality the raw water from each collector has been 
tested. Although the 37° plate count has almost always shown 
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the presence bacteria the water obtained from the collectors, further tests 
with lactose broth incubated for hours and hours have rarely shown the 
presence gas forming bacteria. For example, between August 1944, and 
April 1945, typical eight-month period which included long period high 
water during which the river overflowed parts the collector field area, total 
two hundred and twenty samples was tested. these, total eight 
samples (10-milliliter portions) formed gas lactose broth and only two 
confirmed. 

The collectors that produced the gas forming water samples were retested 
soon possible. gas forming organisms were found. Had the aquifer 
been generally contaminated the source recharge, the retesting un- 
doubtedly would have revealed gas forming organisms. After study the 
entire four-year record was concluded that the contaminated samples were 
probably due minor errors sampling technique. 

Considering the polluted character the Ohio River next the field, 
was further concluded that harmful bacteria were removed killed the 
sands and gravels between the river and the collectors. How this accom- 
plished worthy investigation, because tests the United States Public 
Health Service have shown that some gas forming bacteria survive the complete 
treatment filter plants? making necessary resort break-point chlorina- 
tion. Among some the possibilities that have been suggested are: Adsorp- 
tion pathogenic bacteria the particles silt, clay, sand, and gravel (note 
the use diatomaceous earth the latest techniques death 
pathogenic bacteria due change environment lack food; filtration 
the fines the bottom the river; and elimination pathogenic bacteria 
action such organisms plankton ground bacteria. However, until 
systematic study undertaken which leads workable hypothesis the facts 
are that coliform organisms rarely, ever, were found the water pumped 
the collector field the Indiana Ordnance Works. 


comparing the infiltration river water aquifer and the passage 
water through slow rapid sand filter, there appears only one major 
point similarity—the fact that water must pass through porous medium. 
filter all the available water must pass through, and deposit all its fines 
on, the surface the filter. the infiltration area aquifer the principal 
movement water along the river bottom planes roughly perpendicular 
the direction infiltration. The fines, therefore, not remain the 
surface the area they would raw river water were led sand beds with- 
out prior sedimentation. The fines are continually removed the river and 

temporarily material coming downstream—that is, the bed 

constantly scoured and built up. Moreover, occasional periods increased 

discharge put the fines back into suspension, leaving only the heavier sands and 
gravels the river bottom. Evidently river infiltration adjacent aquifer 


the Efficiency Water Purification Processes,” Streeter, Public Health Bulletin 
172, Public Health Washington, C., May, 1927. 
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silt and fines will occur and preclude infiltration. 

The reason sand beds filter plant must scraped backwashed 
that gelatinous layer fine silt and organic matter forms the filter bed 
surface. The efficiency the filtration process probably depends the exist- 
ence this layer. The filter plant operator wages constant struggle 
maintain certain amount the material the sand bed, yet prevent 
from sealing the filter completely. Periodically this layer removed scrap- 
ing backwashing. far can determined, such continuous layer has 
ever formed the surface the infiltration area supplying the Indiana Ord- 
nance Works well field. 

There evidence that permanent silting occurred during the period 
collector field operation. All the data indicate that the production capacity 
the field remained unchanged during the entire period operation. 


CALIBRATION THE COLLECTOR FIELD AND PREDICTION YIELD 


The field had been operating successfully for about year when, for various 
reasons, was decided make pumping tests determine the magnitude 
interference between the units and the probable minimum yield the system 
when operating full capacity. 

Since the plant was full production the time, the testing had 
performed without interfering with plant operations and water could 
pumped waste. 

was planned operate the field, most the field, the same way save 
for one difference pumping rate one collector. Most the time this was 
not feasible all variations plant water demand had met the end 
the field farthest from the point principal interest. Thus, while tests 
were being run unit variations plant load any were taken 
units and respectively. 

Presumably, after allowing for river stage fluctuations and water tempera- 
tures, all differences drawdowns collectors and possibly would 
due the change the pumping rate collector 

systematic scheme pumping the field was prepared and the testing was 
started with the fullest cooperation the War Department and the 
Pont Nemours Company, the plant operators. The tests lasted for nearly 
four months, during which time number pumping schedules were nullified 
because operating demands. Eventually, however, seven reasonably satis- 
factory pumping schedules were carried through and temperature and water 
level data were obtained needed. 

From previous experience had been found that about four days pump- 
ing constant rate were sufficient establish steady flow ground water 
the aquifer, each schedule was followed for four days. Water levels within 
each caisson could determined automatic air-line water level recorders. 
However, since there was observation well within each caisson, water 
levels were also determined there steel tape measurements. was found 
that the drawdowns these observation wells were substantially the same 
those the respective production wells. was easier secure accurate 


should not expected immediately upstream from dam the deposition 
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measurements the observation wells, and these wells fluctuated less due 
slight variations pumpage, the water level elevations the observation 
wells were used the computations. 

During the test period, collector water temperatures were changing from 
60° the start the period 70° the end. order that the data 
might comparable, the drawdowns were corrected standard temperature 
68.5° the collector where the temperature was measured. The correc- 
tions were made the basis that, steady state flow through porous media, 
the drawdown inversely proportional the viscosity—that is, well pump- 
ing mgd temperature 60° with drawdown would have had 
drawdown only 8.9 the standard temperature, 68.5° illustrate 
the method operation and the type data obtained, operation schedule 
summarized Table All the usable data obtained during the pumping 
tests are given Table 


TABLE OPERATION SCHEDULE FOR TEST 
WELL INDIANA ORDNANCE 


No. 


Date 
(1) (2) (3) (4) (5) (6) (7) (8) 
(a) GALLONS PER Day 
7-21-42.... 0.713 4.795 5.035 4.763 9.688 10.070 9.843 
0.583 4.717 4.925 4.653 9.454 9.850 9.571 
1.873 4.749 4.937 4.056 9.512 9.804 9.583 
1.322 4.808 5.009 4.879 9.078 9.811 9.564 
4.491 19.069 19.906 18.351 37.732 39.535 38.561 
Average......... (1.10) (4.75) (5.00) (4.60) (9.45) (9.90) (9.65) 


(c) 


400.76 401.06 395.53 398.25 406.58 
414.09 402.81 400.91 401.11 395.48 399.56 406.51 


413.31 403.33 400.93 402.06 396.40 399.43 406.24 
414.61 403.76 401.12 401.11 395.35 399.64 406.39 
(414.00) (403.30) (400.93) (401.34) (395.68) (399.47) (406.43) 


16.15 


15.45 


19.52 
17.90 


18.11 
16.84 


23.77 


19.98 
18.34 


13.02 
11.58 


observation wells. Omitted from average because antecedent conditions. Mean river 
elevation: 419.45. 


process comparison the drawdown each collector and its inter- 
ference with all others, for pumping rate mgd, was finally obtained. 
This was checked recomputing the elevations each collector taken from 
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No. 
Schedule 
No. 


(1) (2) (3) (6) 
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each pumping schedule using observed temperatures and river levels. 
elevations were compared with the observed elevations; and, when significant 


discrepancy appeared, the 
cause for the discrepancy 
was sought. Sometimes too 
much weight had been given 
the poorer data. Minor 
corrections were then made 
trial basis. Finally, 
(8) Table was obtained, which 
summarizes the drawdowns 
caused each production 


9.25 4.10 4.75 5.35 9.40 9.80 pumping mgd tem- 
mathematical model the 
steady flow. 
future date. They will en- 


field yields answered similar test. 


able any theories ap- 
parently reduced collector 
Any silting reduced infil- 


tration capacity the aquifer would result reduction water level 


elevations throughout the field 
compared the 1942 standard, 
under the same conditions pump- 
ing, after corrections for tempera- 
ture have been made. 

The test results, moreover, can 
usefully applied predicting 
minimum collector field yields and 
making sure that the installed 
pump capacity each unit matches 
its capacity. 

The first steps predicting mini- 


mum collector yields were: (1) To- 


test the ability the mathematical 
model predict drawdowns the 
basis observed pumping rates, 
water temperatures, and river levels; 


and (2) compare such predictions with the observed drawdowns. 
data were reasonably accurate, the model might then used predicting 
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minimum yields; but, minimum yields are expected during low pool 
stages the winter and early spring, the mathematical model also had 
tested under these conditions. 
Since the temperature distribution the aquifer complex, would 
the safe side use the lowest measured water temperatures during any 
period. the summertime the lowest temperatures the aquifer are near 


the water collector; and, long river water temperatures are above col- 
lector water temperatures, this condition must exist. The original calibration 
tests were conducted under such conditions; hence, temperature corrections 


were based the temperature water discharged the collectors. 
However, the winter when river temperatures are low, theoretically the 


temperature use would probably that existing somewhere between the 


river and the collectors. There appears logical reason why the 
arithmetic average the river and collector temperatures should used when 
the temperature distribution the aquifer complex. any event, over 
period from thirty sixty days constant operation the winter, the 
governing temperature would seem approach the average river temperature 
during that period limit. study river temperature records since 1910 
furnished the Louisville Water Company shows normal range tempera- 
ture for the winter period from 32° 43° with occasional freakish days 
above 

complete record pumpage at.the Indiana Ordnance Works since April, 
1941, has been available the writer. might, therefore, appear 
simple matter find number three-day four-day periods pumping 
rate which would serve test the mathematical model. However, 
because the man-power shortage and the confidence the plant operators 
the permanence the supply, the systematic measurements the observa- 
tion wells which had been made weekly intervals 1941 and 1942 were de- 
creased frequency until, 1945, only one measurement was made month. 
The constantly changing water demand the Ordnance Plant further tended 
decrease the probability the water level measurements occurring the 
end period constant pumping. However, careful study all the data 
revealed six periods between August, 1942, and December, 1944, during which 
the requisite conditions were approximately satisfied. these, three occurred 
the summer and three the winter. 

Table summarizes the water levels computed the mathematical model, 
the observed water levels, and the difference between them. 

All errors preceded minus (—) sign are the unsafe side—that is, the 
observed water elevation was lower than the computed water elevation. Some 
the errors result from major pumping variations, August 20, 1943, 
when the pumping rate collector changed considerably during the selected 
However, other large errors are not readily explained and may 
result from temporary curtailment increase pumpage due discharge-line 
pressure changes just prior making the water level measurements. 

study the data shows that the mathematical model the ground water 
supply system works reasonably well when discharge temperatures are used 
the summer and average river temperatures are used the winter. 
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After the mathematical model was tested, the percentages maximum 
errors the unsafe side for each collector numerical order were found 
14.3, 5.8, 2.4, 3.1, 10.6, 16.2, and 14.0, respectively. 

interest note that all the maximum observed errors the unsafe 
side occurred during the period dated August 20, 1943, when the temperature 
factor favored large yields. 


TABLE COMPUTED AND OBSERVED WATER LEVELS 


Water level 


Date elevation 


(1) 


8-21-42... 


(Observed... 
8-20-43... 
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400. 
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7-21-44... 
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Observed... 
Computed.. 


We 


The final step determining the firm yield the collector field was use 
the construction data basis for computing yields. The maximum 
down each unit governed the elevation the uppermost tier in- 
stalled laterals and the contractor’s instructions stated that minimum 
water was maintained above the uppermost tier. These specifications 
were used the basis for computations. 

The firm yield the field was found trial, using the mathematical 
model corrected temperature 35° This temperature believed 
the average that can expected occur for fairly long periods during normal 
winter. Pool elevation taken 419.0 computing allowable 
significantly lower pool elevation can expected only when wickets the 
Louisville Dam are lowered break ice jams, truly infrequent occurrence. 
The first step compute Table assuming pumpage mgd from each 
well. Using Cols. and 10, Table basis, first approximation firm 
water obtained multiplying the ratio between the available drawdown and 
the computed drawdown mgd. Data thus obtained are placed the 
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mathematical model and new set drawdowns computed and similarly 
compared with the available drawdowns. This procedure repeated and new 


values pumpage are obtained for each collector until the computed draw- 
down and available drawdown coincide. After repeating this process three 


AND THE Poot 419.0 


Maximum 
Collector Computed 
drawdown 
(1) (2) (3) (4) (6) (7) (8) (9) (10) 
11.0 37.1 10.1 4.2 62.4 39.0 
5.4 7.3 40.6 8.5 2.5 64.3 33.0 
3.2 3.5 7.3 37.7 4.7 1.9 58.3 36.0 
2.4 3.7 7.3 29.7 4.6 2.9 50.6 38.0 
3.0 4.7 24.5 5.7 37.9 43.0 
2.4 4.1 18.3 24.8 48.0 


times, the firm yields Table were obtained based the assumption that 
the whole field pumped the same time. Pump installation least the 
indicated capacity required each collector obtain the maximum well 
field yield under adverse circumstances. 

Additional data river temperature probabilities and considerable 
amount statistical analysis will required establish design temperatures 
for collectors wells obtaining water from river infiltra- 
tion. Incidentally, this branch hydrology may also TABLE 6.— 
valuable engineers interested protecting levees from 
dangerous underseepage; levee that may safe from ENTIRE 
dangerous underseepage during February March flood 
might unsafe from equal river stage occurring 


are fundamentally identical. 


10.0 
5.8 

4.3 

CoNCLUSIONS 5.9 

6.8 

Study the water supply the Indiana Ordnance 
Works has demonstrated that nearly all the water pumped 65.8 


has originated the Ohio River and has infiltrated the 
aquifer. Water collectors wells deriving water from 
such source will furnish water whose temperature variation follows the varia- 
tion temperature the river water, but with lag and reduction amplitude 
fixed the hydrology the aquifer and the operation the field. 

the Indiana Ordnance Works, the temperature the water pumped 
from the collector field whole varied from 49° 70° although indi- 
units furnished water whose temperature was much above 
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below this range. The range temperature determined the temperature 
variations the source water, the distance the recharge area, the land- 
ward extent and transmissibility the aquifer, the rates and durations dis- 
charge, the heat storage the aquifer and movement heat within it, and the 
water contribution from the land side the aquifer. 

Furthermore, the temperature water discharged each lateral unit 
primarily determined its relationship the source recharge. the 
Indiana Ordnance Works, temperature differential between 15° and 20° 
was found exist during certain times the year water entering single 
caisson from individual laterals. 

Temperature the water has profound affect the minimum quantity 
water, firm water, available from units whose maximum drawdown 
fixed. The design temperature for computing the firm water approaches the 
lowest average river temperature prevailing over one-month two-month 
period. 

The firm yield existing collector field deriving its water from river 
infiltration can determined methods which have been described this 
paper. Such tests are valuable far they furnish the operator with 
quantitative method detect any deterioration the collectors the in- 
filtration capacity the aquifer. They are also useful balancing installed 
pump capacity with collector productivity. The firm yield field must 
known order that additions water supply capacity can logically planned. 

The bacteriological quality the water discharged the collectors 
the Indiana Ordnance Works was extremely good. Gas forming organisms 
were rarely found the water and believed that the gas formers well 
the few coliform organisms which were found bacteriological tests were the 
results careless sampling technique, despite the heavy pollution the Ohio 
River. Tastes and odors were apparently absent from the water discharged 
the collectors, although systematic attempt was made detect them. 
Natural purification polluted water aquifers undoubtedly merits more 
study than has received the past. 
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AMERICAN SOCIETY CIVIL ENGINEERS 
Founded November 1852 


PAPERS 


UNDERGROUND CONDUITS—AN APPRAISAL 
MODERN RESEARCH 


The increasingly successful application scientific principles mechanics 
the analysis soil has characterized engineering development during the 
first two score years the twentieth century. number problems that 
involve the soil integral part the finished structure and which genera- 
tion two ago were considered many too complex subject 
orderly classification and solution are yielding the onslaught organized 
research. 

One notable example problems this category concerns the design 
underground structures such conduits, sewers, drains, culverts, water mains, 
and gas lines. Conduits this general type have been used mankind for 
least 3,000 years, being found among the earliest examples the practice 
the engineering arts; but not until about 1910 was serious effort directed 
toward the development rational method for determining the magnitude 
and character the loads which underground conduits were subjected 
service due the earth overburden and other load sources. those early 
days, Anson Marston, Past-President and Hon. ASCE, then director the 
Engineering Experiment Station Iowa State College Ames, inaugurated 
research program which has been continuously active under his direction. 
The purpose this paper review Dean Marston’s theory loads on, and 
supporting strengths of, underground conduits and record the experimental 
background, together with working values many the constants required 
for the practical application the theory. 


Loap CLASSIFICATION UNDERGROUND 


Underground conduits, general, may divided into two main classes 
the basis construction conditions under which they are installed—that 
(1) ditch conduits and (2) projecting conduits. 


comments are invited for immediate publication; insure publication the last dis- 
cussion should submitted November 1947 


Associate Prof., Civ. Eng. Dept., Iowa Eng. Experiment Station, Iowa State College, 
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(1) “Ditch conduits” are structures installed and completely buried 
narrow ditches relatively passive undisturbed soil. Examples this 
class conduits are sewers, drains, and water mains (see Fig. 1(a)). dug 
before 
Top ditch 
ural Ground Surface Embankment 
an: 
whicl 
sides 
the 
eal 
Natural Ground Surface 
This 
DITCH TYPE PROJECTING TYPE 

(2) “Projecting Conduits” are structures installed shallow bedding with 
the top the conduit projecting above the surface the natural ground, and 
then covered with embankment, shown Fig. 1(b). Railway and high- 
way culverts are good illustrations this class conduits. Conduits installed 
ditches wider than about two three times their maximum horizontal 
breadth may also treated projecting conduits. 
the 
The letter symbols this paper are defined where they first appear, 

text illustration, and are assembled for reference Appendix 

cussers are requested conform this usage. 


When conduit placed ditch not wider than about two three times 
its outside breadth, and covered with earth, the backfill will tend settle 
downward. This downward movement tendency for movement the soil 


the ditch above the pipe produces vertical frictional forces shearing stresses 
along the sides the ditch which act upward the prism soil within the coe 
ditch and help support the backfill material. Assuming the cohesion 

tween the backfill material and the sides the ditch negligible, the 
magnitude these vertical shearing stresses equal the active lateral Pipe 


pressure exerted the earth backfill agairst the sides the ditch, multiplied 


tes 
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this 


the tangent the angle friction between the two materials. This 
assumption negligible cohesion justified because: (a) Even when the ditch 
dug in, and backfilled with, cohesive material, considerable time must elapse 
before effective cohesion between the backfill material and the sides the 
ditch can develop after backfilling; and the assumption cohesion yields 
the maximum probable load the conduit. The maximum load may develop 
any time during the life the conduit due heavy rainfall other causes 
which may eliminate greatly reduce 
cohesion between the backfill and the 
sides the ditch. 

unit length ditch conduit and consider 
horizontal element the fill material 
the ground surface. Equating? the verti- 
forces acting this element: 


This linear differential equation, the 
solution for which 


and 
ntal 


which equals the total vertical pres- 
sure horizontal plane the backfill, 
ficient sliding friction between the fill 
materials and the sides the ditch; the width ditch the top 
the conduit; the height the ground surface above any horizontal plane 
the backfill; the unit weight filling material, pounds per cubic foot; 
the base natural logarithms; and, simplify typography: 


Dis- 


which the coefficient internal friction the filling material. The 
coefficient may equal less than but cannot greater. 

When Eq. gives the total vertical pressure within the ditch 
level the top the pipe. The proportion this total pressure that 


The Theory Loads Pipes Ditches and Tests Cement and Clay Drain Tile and Sewer 
Marston and Anderson, Bulletin No. 31, Eng. Experiment Station, Ames, Iowa, 
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will carried the conduit will depend upon the relative rigidity the 
conduit and the fill material between the sides the conduit and the sides 
the ditch. the case very rigid pipes, such burned clay, concrete, 
heavy cast-iron pipe, the side fills may relatively compressible and the pipe 
itself will carry practically all the load, the other hand, the pipe 
relatively flexible, thin-walled pipe and the side fills are thoroughly tamped 
the sides the pipe, the stiffness the side fills may approach that the 
conduit and the load the structure will reduced the amount load 
the side fills are capable carrying. 

For the case rigid ditch conduits with relatively compressible side fills, 
the load will be: 


For the case flexible pipes and thoroughly compacted side fills having 
the same degree stiffness the pipes, the load will be: 


which the total load the conduit, and: 


has been verified many times experiment and observation 
the performance actual sewers and drains. The results two Dean 
Marston’s early load experiments rigid pipes are shown Fig. together 
with loads calculated Eq. 3a. 

Evaluation Eqs. and may simplified the use Fig. which 
values for various values have been plotted for several kinds 
filling materials having different coefficients internal friction. 

The width ditch, the actual width normal, parallel-sided 
ditch. case the ditch constructed with sloping sides, the conduit 
placed subditch the bottom wider trench, have shown 
that the width ditch slightly below the top the pipe the proper 
width use when determining the load. 

These ditch conduit formulas (Eqs. and 3b), with proper selection the 
physical factors involved, give the maximum loads which any particular 
conduit may subjected service. the other hand, because the 
development cohesion, any particular conduit may escape the maximum 
load for long time, sometimes until its removal for other causes than load 
failure. Experiments and field observations show that the load conduit 
the time the fill completed usually less than will some later time. 
This condition accounts for the fact that sewers and other conduits which 
have been observed structurally sound immediately upon completion 
are sometimes found cracked some months years later. 


— 


“Loads Pipe Wide Schlick, Bulletin No. 108, lowa Eng. Experiment Station, 
Ames, Iowa, 1932. 
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Projecting conduits, defined and the name implies, are placed with 
their tops projecting some distance above the natural ground surface. They 
may any shape, such circular, rectangular, elliptical; may made 
any material, such concrete, burned clay, cast iron, corrugated metal, 
wood; and may possess any degree rigidity from the very rigid concrete 


pipes and monolithic box culverts the very flexible, lightweight corrugated 
metal pipes. 


Gravel) 


Maximum for Sand 


Values 


Height of Fill H, Above Top of Pipe, Feet 


Calculated Loads 


Load Pipe, Kips per Linear Foot Values Coefficient, 


basic case for studying the action embankment over this type 
conduit, consider first rigid structure resting earth foundation which 
settles under the load the same amount the natural ground adjacent the 
structure (see Fig. 5). Then the embankment built over the conduit, there 
are three masses prisms soil, one which, called the “interior prism,” 
directly over the conduit the vertical planes tangent the sides. 
The other two masses soil, called the prisms,” are those each 
side the structure adjacent the tangent vertical planes. 

evident that the height the interior prism will less than that 
the exterior prisms the amount which the conduit projects above the 
natural ground. accordance with the well-known phenomenon that high 
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prism soil will settle more than lower prism, there tendency for the 
exterior prism settle more than the interior prism and for friction forces 
shearing stresses exerted along the tangent vertical planes bounding the 
interior prism. These shearing stresses are transmitted the conduit, making 
the load the structure greater than the weight the interior prism soil. 
The magnitude the shear- 
ing stresses (again neglecting 
equal the active lateral 


Top Embankment 


pressure these planes, mul- 

Plane Equal Settlement tiplied the coefficient 

internal friction the fill ma- 


definite shearing 
tween the interior and ex- 
| . 

terior prisms soil not 


actually exist earth em- 
bankment and that, all 


Shear Plane 


probability, the shearing 
stresses are transferred from 
one prism another through 
more less narrow zones 
the filling material. Never- 
theless, actual vertical shear- 
ing planes are assumed for 
convenience developing the 
theory, and load measuring 
experiments indicate that the 
assumption valid. 


the embankment 
not very high, these shearing 


stresses may extend upward 
from the conduit completely the top the embankment. the case 
higher fills, the shearing stresses will not extend the surface, but will 
terminate some horizontal plane between the top the conduit and the 
top the embankment, known the “plane equal settlement.” The 
distance between the top the conduit and this plane called the 
equal settlement, 

The plane equal settlement defined the horizontal plane the em- 
bankment and above which the settlements the interior and exterior 
prisms soil are equal. Above the plane equal settlement there 
tendency for relative movement between the three adjacent prisms and 
shearing stresses are generated along the boundaries the interior prism 
above this plane, whereas, below it, relative movements have tendency 
occur and shearing stresses are developed. 

plane equal settlement this basic case results from the transfer 
pressure, shear, from the exterior prisms the interior prism. Since the 
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vertical deformation prism material due its own weight function 
the height well characteristic the material, normally the summation 
deformations from the bottom prism upward will rate 
high prism than lower one the prisms act independently one 
another. the case projecting conduits, however, the exterior prisms 
soil transfer part their vertical pressure the interior prism and the 
rate summation vertical deformations will reduced in. the exterior 
prisms and increased the interior prism because this stress transfer. 
Therefore, the total summation deformations the interior 
approach that the exterior prisms, and the height which the deformations 
become equal the height equal settlement. 

The existence plane equal settlement was first announced Dean 
Marston the basis pure mathematical reasoning and formula 
for evaluating its height was developed that time. Since then the actual 
existence such plane has been demonstrated measurements the settle- 
ments and the loads number experimental conduits. 

This basic settlement situation practically always modified two addi- 
tional factors which must considered the development general theory 
fill loads. The first these the settlement the undisturbed subgrade 
under the exterior prisms adjacent the conduit; and the second, the settle- 
ment the top the conduit. The settlement the subgrade adjacent 
the conduit augments the downward movement the two exterior prisms 
earth. The settlement the top the conduit (which equal the sum 
the settlement its foundation and the distortion shortening its vertical 
dimension) has the tendency neutralize this action reducing the relative 
movement between the interior and exterior prisms. Indeed, the conduit 
conditions hold true, the top the conduit may settle enough permit the 
interior prism move downward greater amount than the exterior prisms. 
When this occurs, the direction the induced shearing stresses reversed 
and the stresses are subtractive from the weight the prism earth over the 
conduit. The rate summation settlements relation height above 
the conduit for the interior prism less than that the exterior prisms due 
the reduced pressure. Nevertheless, there still may plane equal 
settlement, even the direction relative movements reversed, because the 
total settlement augmented the settlement the top the conduit, 
which causes the entire interior prism move downward. 

horizontal plane the fill material the level the top the conduit the 
beginning construction the embankment and before settlements have 
begun develop. With this definition mind, the aforementioned facts 
concerning direction the induced shearing stresses may simplified 
stating that, when the critical plane settles more than the top the conduit, 
the shearing stresses act downward the interior prism and that, when 
settles less, they act upward. 


Progress Report the Joint Concrete Culvert Pipe Anson Marston, April 
1922 (mimeographed). 
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neutral transition case occurs when the top the conduit settles 
downward amount just equal the the critical plane. When 
this case occurs, the plane equal settlement right the top the conduit 
and coincident with the critical plane; the interior and exterior prisms soil 
move downward equally throughout their full height and shearing stresses 
are induced, with the result that the load the structure equal the 
weight the prism soil directly over it. Some typical settlement situations 
affecting loads projecting conduits are illustrated Fig. (The solid 
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horizontal lines represent imaginary planes embankment before settlement. 
The broken lines represent the same planes after 

the mathematical analysis loads projecting conduits, the net effect 
all these settlement factors, both magnitude and direction the rela- 
tive movements the three prisms soil, combined into abstract ratio 
known the “settlement which defined the ratio the difference 
between the settlement the critical plane and the top the conduit, the 
deformation the fill material adjacent the conduit within the vertical 
distance between the top the conduit and the natural ground line. Dean 
Marston defined this ratio the basis the settlements the various ele- 
ments which are produced that section the fill above the plane equal 
settlement. 

For purposes calculating the external vertical loads projecting con- 
duits, the field conditions affecting the loads are conveniently grouped into 
four subclassifications based the magnitude the settlement the interior 
prism relative that the exterior prisms and, therefore, the direction 
the shearing stresses, and the height the embankment relation the 
height equal settlement. These four conditions are: (1) The complete pro- 
jection condition, (2) the incomplete projection condition, (3) the complete 
ditch condition, and (4) the incomplete ditch condition. 


“Investigation Loads Three Cast Iron Pipe Culverts Under Rock Spangler, 
Bulletin No. 104, lowa Eng. Experiment Station, Ames, Iowa, 1931, 26, Fig. 11. 
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They are defined follows: 


(1) The projection condition” prevails when the top the 
conduit settles less than the critical plane and when the height the embank- 
ment less than the theoretical height equal settlement. 

(2) The “incomplete projection condition” prevails when the top the 
conduit settles less than the critical plane and when the height the embank- 
ment greater than the height equal settlement. 

(3) The “complete ditch condition” prevails when the top the conduit 
settles more than the critical plane and when the height the embankment 
less than the theoretical height equal settlement. 

(4) The “incomplete ditch condition” prevails when the top the conduit 
settles more than the critical plane and when the height the embankment 
greater than the height equal settlement. 


MATHEMATICAL DERIVATION LOAD FOR PROJECTING CONDUITS 


Dean Marston the various settlements, the incre- 
ments due the addition above the height equal settlement any 
[the same for all] incremental uniform layer fill settlement 
ratio defined the ratio the difference between the settlement the 
critical plane and the top the conduit the fill adjacent the conduit 
within the height (Fig. caused the fill material above the plane 
equal other words: 


which the settlement the embankment subgrade adjacent the 
conduit, feet; the settlement the flow line the conduit; the 
deflection the conduit—that is, the shortening its vertical dimension; and 
the deformation the filling material the conduit within the 
height feet—that is: 


which the modulus deformation the filling material. The settle- 
ment the plane,” this notation and the settlement 
ditch condition and positive for the projection condition. 

Considering first the complete ditch and projection conditions (Fig. 
which the vertical forces any thin horizontal element the 
interior prism may equated follows: 


Theory External Loads Closed Conduits the Light the Latest 
Anson Marston, Bulletin No. 96, Iowa Eng. Experiment Station, Ames, Iowa, 1930. 
Figs. and change the dimension pbe 
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The solution this equation 


which the coefficient internal friction the filling material, and 
simplify typography (compare Eq. 2a): 


c 


which the load coefficient for projecting conduits represented by: 


which the height above the top conduit. the plus signs 
are used for the complete projection condition and the minus signs for the 
complete ditch condition. 


Plane Settlement 


Initial Elevation (When 
Elevation When 

After Setilement 

Elevation Completion Fill 


COMPLETE PROJECTION CONDITION INCOMPLETE PROJECTION CONDITION 


Considering the incomplete ditch and the incomplete projection conditions 
(Fig. which and again equating the vertical forces thin 
horizontal element: 


Papers June 
; 1 
etbhHe 1 
ris 
O 
ene a 


June, 1947 UNDERGROUND CONDUITS 865 


When (H. H.) and the solution this differential 
equation (Kq. 7a) is: 
the top the conduit, and therefore, Eq. 6a, the load 
coefficient becomes: 


before, the plus signs are applicable the incomplete projection con- 
dition and the minus signs apply the incomplete ditch condition. 

derive expression for evaluating the two conditions are 

The internal friction the embankment materials distributes the infi- 
nitely small increments decrements pressure from shear into the interior 
prism below the plane equal settlement such manner that their effect 
settlement may assumed substantially the same for uniform vertical 
pressure; and 

The internal friction the embankment materials distributes the infi- 
nitely small decrements increments pressure from shear into the exterior 
prisms completely that their effect settlement may neglected. 


Equating the settlements the exterior prisms and the settlements the 
interior prism caused the fill material above the plane equal settlement: 


(H. — ¥ H. Yen + Yo (4, — 7 etBbHp dH, +- Ye. (9) 
Ey 0 E; 
Eq. using Eqs. 


the three quantities Eq. the and signs are used for the 
projection condition; and the and signs, respectively, are used for 
the ditch condition. 

the base natural logarithms (see Eq. 5c). 

the case ditch conduits, the solution these various expressions 
for loads projecting conduits made easy the construction load 
coefficient shown Fig. For selected values the 
ment” ratio and the “projection” ratio and given values the 
proper value the coefficient read from the curves and substituted 
Eq. 6a. Comparisons between actual weighed loads carefully conducted 


experiments and loads computed Dean Marston’s load theory are shown 


Theory External Loads Closed Conduits the Light the Latest Experiments,” 
Anson Marston, Bulletin No. 96, Eng. Experiment Station, Ames, Iowa, 1930, 14, Fig. 


Supporting Strength Rigid Pipe Spangler, Bulletin No. 112, lowa Eng. 
xperiment Station, Ames, Iowa, 1933, 46, Fig. 18. 
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Several alternate methods determining the value have been investi- 
gated, including analysis which the settlement ratio was based the 
total settlements the various elements the fill and the conduit caused 
the total height embankment. The loads obtained this alternate 
analysis were nearly the same those obtained Dean Marston’s original 


analysis, being somewhat less for high values 


Ditch Condition 
ak San af in 


for Ditch Condition 


H, 


Values 


Loosely Refilled 


Values Coefficient, 


Working values the coefficient internal friction the embankment 
material, may determined soil tests particular case. However, 
Dean Marston has shown that the variation load projecting conduit 
relatively small for wide variations the coefficient internal friction. For 
example, when this coefficient varies from about 0.3 
angles friction from about 17° 45°, the product varies from about 
0.17 0.1924 and back 0.17. Since the load dependent upon the prod- 


June 
and 


= 


1al 


June, 1947 UNDERGROUND CONDUITS 867 


safe working value for most cases projecting conduit loads. 


Time Errect 


study the effect time the loads produced culverts earth 
embankments, three test culverts supported weighing devices were built 
and loaded with 15-ft embankment late the fall 1927, and observations 
the loads these structures have been made periodically since that date. 


nN 
o 


Directly Over Culvert 


Projection 
Settlement 


© 


Fill Above Top Culvert, Feet 


fea] 


Height 
Equal Settlement 


Loosely Refilled Trench for Imperfect Ditch Condition 


Load Culvert, Kips per Linear Foot 


Load Culvert, Kips per Linear Foot 


(a) IMPERFECT DITCH 


(b) SAND AND GRAVEL FILL 


This load history shows that the maximum load was reached April the 
following spring after the fill was completed, after which the load fell off 
somewhat, reaching low point about 10% below the maximum the follow- 
ing October and November. Since that date, the load has fluctuated between 
these approximate limits, reaching the maximum for each year early the 
spring and the minimum late the fall. 

for has been derived for the assumed case which the fill ma- 
terial has uniform modulus deformation throughout; and emphasized 
that the value independent the value this modulus. other 
words, even the fill material thoroughly compacted during placement 
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and high value the compression modulus attained, the direction the 
relative settlements the interior and exterior prisms and the height equal 
settlement will not affected thereby. 

The settlement ratio wholly rational the theoretical analysis loads 
projecting conduits. However, except unusual cases will not 
practicable predict the value use the design given structure the 
basis individua! study and analysis the soil proposed site. has 
been deemed advisable and appropriate, therefore, consider the settlement 
ratio semi-empirical factor and determine proper design values the 
basis the observed performance projecting conduits service. 

Rather extensive field measurements the settlement characteristics 
some actual culverts under the highways Iowa and southern Minnesota, 
which have been conducted the Iowa Engineering Experiment Station 
cooperation with the Public Roads Administration, Federal Works Agency, 
tentatively indicate the following working values for the settlement ratio—for 
rigid culverts on: 


Foundation material 


Rock other unyielding material 
Ordinary earth 0.5 0.8 


Observations the settlement ratio have been made few flexible type 
culverts actual service, but the number specimens limited. These 
measured values ranged from 0.7 and they varied directly with the 
values the modulus passive pressure the side-fill materials. appears, 
therefore, that high quality densification the side fills around flexible pipe, 
for the purpose increasing the modulus passive pressure, tends increase 
the load the pipe. However, the ultimate deflection the pipe decreased 
this practice, since the increase supporting strength the pipe more than 
offsets the effect the increased load. 

Unusual installation conditions may cause exceptional values the settle- 
ment ratio and the load develop. For example, case has come the 
writer’s attention where highway fill was built across salt marsh underlain 
with stiff clay about below the surface. concrete pipe 
culvert was built prior construction the reduce the expected 
settlement the culvert and increase its supporting strength, the pipes 
were laid well-designed concrete cradle, which turn was supported 
piles driven into the clay stratum. Shortly after the fill was completed this 
culvert collapsed, even though was constructed excellent reinforced 
concrete pipe. Although settlement data are available, seems probable 
that the fill material the sides (the prisms’’) settled very large 
amount due the soft spongy character the marsh bed, whereas the culvert 
resting piles driven the stiff clay could not settle. Under these conditions 
the critical plane probably settled much more than the top the culvert, 
causing very high positive value the settlement ratio and very high load 
develop. 
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the early days Dean Marston’s researches conduit loads, was 
impressed the very high loads that may develop projecting conduits when 


the conditions are such that large shearing forces add the weight the 


prism soil directly over the conduit, and strove devise method 
construction that would reduce eliminate these shearing forces, would 
possibly reverse their direction that they would act benevolently the 
case ditch conduits. With this objective mind, developed the im- 
perfect ditch method construction which the soil both sides and above 
the conduit for some distance above its top thoroughly compacted rolling, 
tamping, any other suitable method. Then ditch constructed this 


compacted fill removing the prism material directly over the conduit. 


The ditch refilled with very loose compressible material, after which the 
embankment completed normal manner. 

The purpose this method construction accomplished creating 
condition wherein certain that the prism material directly over the 
conduit will settle more than the adjacent prism; the ditch the artificially 
compacted material must deep enough and the refilling material must 
loose enough insure this action. Straw other highly compressible material 
may used part the ditch backfill augment the settlement the 
interior prism. The efficacy this method construction was demonstrated 
series experiments conducted Dean Marston from 1919 1921, 
which the load conduit was measured, first, when the fill was constructed 
the ordinary manner for projecting conduit, and, second, when the fill 
was constructed the imperfect ditch method. The loads measured these 
experiments are shown Fig. 9(a). 


Loaps 


addition external loads imposed the filling material around and 
above underground conduits, these structures are also subjected loads 
resulting from highway, railway, airplane traffic from other types loads 
applied the surface and transmitted through the soil the underground 
structure. Such loads are major importance when conduit placed under 
traffieway with relatively shallow covering earth. 

John Griffith, ASCE, was among the first suggest the applica- 
bility the Boussinesq for the distribution stress semi-infinite 
elastic solid various problems stress distribution soils report pre- 
pared for subcommittee soils the United States Bureau Standards 
which was chairman. Extensive both ditch and pro- 
jecting conduits subsequent this suggestion have shown that concentrated 
surface load, such truck wheel, transmitted through the soil covering 
the underground structure substantially accord with the solution. 


Report Subcommittee Bureau Standards, Proceedings, ASCE, Vol. 
XLVI, 1920, pp. 916-941. 


Causes Structural Failures Sewers,” Anson Marston and Spangler, Proceedings, 
Soc. Municipal Engrs., Vol. 38, 1933, 236. 


Determinations Static and Impact Loads Transmitted Culverts,” 


Mason, and Robley Winfrey, Bulletin No. 79, Eng. Experiment Station, Ames, 
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From these facts, the load underground conduit due concentrated 


surface load may expressed as: 


which the average load underground conduit due concen- 


trated surface load, pounds per linear foot; concentrated surface load, 
coefficient for load 
underground conduit due 
concentrated surface load. 
The coefficient may 
calculated dividing the area 
the top the conduit its 
horizontal projection, into 
number small areas il- 
lustrated Fig. 10, and sum- 
ming the total pressure 


all these small areas, accord- 
ing the formula: 


3 


the vertical height from 
the top the conduit the embankment surface, feet; and the 


slant height, feet, from the center each element the point application 
Early 1929 Holl integrated this expression for and obtained: 


sin 


M.ASCE, for determining stresses the soil beneath uniformly loaded 
rectangular foundations. 


Method Computing Live Loads Transmitted Underground Conduits,” Spangler 
and Richard Hennessy, 1946 Annual Meeting, Highway Research Board. 


“Simplified Computation Vertical Pressures Elastic Foundations,” Nathan Newmark, 
Circular No. 24, Eng. Experiment Station, Univ. Illinois, Urbana, 1935. 


Papers 


load 
the 
The 
may 
uplift, 
surface 
design 
2.0 
faced 
consid 
applic 
cal 
velop 
the 
soil 
load 


Val 
var 
ata 
cone 
thes 
fact 
2 ‘ P 
deal 
per 
Res 


ited 


June, 1947 UNDERGROUND CONDUITS S71 


Values for conduits long various widths, ,are shown" Fig. 
for various heights fill ft. When fill loads and surface loads are 
combined obtain the design load underground conduit, the minimum 
load will found oceur when the height fill relatively low over the top 
the structure. 

The impact factor, equal unity when the surface load static. 
When moving, the case truck airplane wheels, the value 
may vary widely depending speed the vehicle, vibratory action, wing 
uplift, and most important, roughness characteristics the roadway 
surface. have indicated 
design values ranging from 1.5 
2.0 for highway traffic unsur- 
faced roadway. 

Professor Griffith gave extensive 
consideration problems the trans- 
mission stress through soils and the 
applicability the Boussinesq classi- 
cal solution them. 1929 de- 
veloped generalized for 
the intensity vertical pressure 


soil mass due concentrated surface 

load the form: 


Height, Feet from Top Conduit Surface Fill 
uo 


which the intensity pressure 
the surface; the angle formed with 
the vertical the radius vector from 
the point application the surface 
load the point considered; the vertical distance from the surface the 
point; and disposable parameter, often referred the 
factor factor. 

Professor has utilized Eq. the solution number problems 
dealing with the transmission surface loads through soil masses. 


Tue STRENGTH UNDERGROUND CONDUITS 


Underground conduits are constructed wide variety shapes and 
many different structural materials. general, the load conduit inde- 
pendent its shape and the material which made. contrast, the 
supporting strength conduit intimately dependent upon its shape and 
the kind and quality material which made. The remainder this 


Theory External Loads Closed Conduits the Light the Latest 
nson Marston, Bulletin No. 96, lowa Eng. Experiment Station, Ames, Iowa, 1931, 19, Fig. 


“Dynamics Earth and Other Macroscopic Matter,” John Griffith, Bulletin No. 117, lowa 
ng. Experiment Station, Ames, Iowa, 1934. 


Transmission Earths,” Holl, Proceedings, Highway Research Board, National 


Research Council, Vol. 20, 1940, 709. 


nto 
rd- 
7 
7 


872 UNDERGROUND CONDUITS Papers 


paper will devoted discussion the supporting strength number 
commonly used types conduits. 

Monolithic Arch and Box Culverts monolithic types 
reinforced concrete structures may designed satisfactorily any current 
procedures for analysis rigid frame structures. Numerous measurements 
the distribution the vertical load both rectangular and circular shaped 
culverts due the earth overburden have indicated that essentially uni- 
formly distributed over the width the conduit and may considered for 
design purposes. Culverts may may not subjected active lateral 
pressure all part their side-wall areas, depending the local 

Some laboratory the supporting strength monolithic 
box culverts indicate that the actual supporting strength exceeds the calculated 
strength until the concrete the top slab cracks, after which the actual 
strength very closely approximates the calculated strength. 

Rigid Circular circular pipes, which are usually 
such materials burned clay, plain reinforced concrete, cast iron, are 
difficult analyze principles mechanics; and, since they are usually 
relatively small structures, their supporting strength can most easily deter- 
mined testing representative group. specimens the laboratory. 
Several methods testing short sections circular pipes have been devised" 
—the two-edge bearing, the three-edge bearing, the sand bearing, and the 
Minnesota bearing tests—the details which are shown Fig. 12. these, 


THREE-EDGE SAND (c) TWO-EDGE MINNESOTA 
BEARING BEARING BEARING BEARING 


the three-edge bearing test (Fig. 12(a)) the simplest and most easily per- 
formed. the same time gives accurate and uniform results, and for these 
reasons widely used tests determine the strength pipes, although 
some engineers prefer the sand bearing test (Fig. 12(b)) because the wider 
distribution both the applied load and reaction. 

The test load and reaction the pipe are distributed differently each 
these types tests and the ultimate load supporting strength will like- 


Supporting Strength Reinforced Concrete Box Culverts,’’ George Pagels, thesis 


sented Iowa State College, Ames, Iowa, 1935 partial fulfilment the requirements for the 
Master Science. 


Supporting Strength Rigid Pipe Culverts,” Spangler, Bulletin No. 112, 
Experiment Station, Ames, Iowa, 1933, 13, Fig. 
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wise different. convenient express the supporting strength pipe 
terms its strength when tested the three-edged bearing method, taken 
unity, load factor strength ratio which defined the ratio the 
strength pipe under any stated condition loading its three-edge 
bearing test strength. The following values load factor strength ratio 
for the other three test methods shown Fig. are applicable: 


Test Load factor 
Two-edge 1.0 
Minnesota bearing................ 1.1 


Likewise when pipe placed and loaded actual field installation, 
the loads and reactions will distributed much differently than the test 
loading; and, certain cases, lateral pressures will exerted against the sides 


the pipe thereby increasing its ability support vertical loads. 


wide variety bedding conditions affecting the load and reaction dis- 
tribution and the lateral pressure situation may encountered sewerage, 
water works, and culvert construction practice; and wide variety support- 
ing strengths given conduit may obtained simply varying the installa- 
tion conditions. feasible establish and define classifications bedding 
conditions covering range practical attainments and determine load 
factor for each classification which, when multiplied the three-edge bearing 
laboratory strength the pipe, will give the safe supporting strength for pipes 
installed accordance with the definition that classification. 


For ditch conduits used sewerage and drainage construction, the follow- 
ing bedding classifications have been and are illustrated Fig. 13. 


Thoroughly Tamped 


(a) NOT (6) ORDINARY (c) FIRST CLASS (d) CONCRETE 
PERMISSIBLE CRADLE 


Bedding conditions for cast-iron pipe water works construction will dis- 
cussed subsequently. 


Supporting Strength Sewer Pipe Ditches and Methods Testing Sewer Pipe Labora- 

tories Determine Their Ordinary Supporting Strength,” Anson Marston, Schlick, and 
Clemmer, Bulletin No. 47, Eng. Experiment Station, Ames, Iowa, 1917. 

Strength Drain Tile and Sewer Under Different Pipe-Laying Conditions,” 
Schlick, Bulletin No. 57, Eng. Experiment Station, Ames, Iowa, 1920. 

Cradles for Large Pipe Conduits,” Schlick and James Johnson, Bulletin No. 
Eng. Experiment Station, Ames, Iowa, 1926. 
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“Impermissible” bedding (Fig. 13(a)) that method bedding ditch 


conduits which little care exercised shape the foundation fit 


the lower part the conduit exterior and refill all spaces under and around 
the conduit. 


“Ordinary” bedding (Fig. 13(b)) that method bedding ditch con- 
duits which the conduit placed with “‘ordinary” care earth foundation 


shaped fit the lower part the conduit exterior with reasonable closeness 


for width least 50% the conduit breadth. The remainder the 


conduit surrounded height least 0.5 above its top granular 


materials, shovel placed and shovel tamped fill completely all spaces 


and adjacent the conduit—all under the general direction competent 


engineer. 


“First-class” bedding (Fig. 13(c)) that method bedding ditch con- 
duits which the conduit set fine granular materials earth founda- 
tion carefully shaped fit the lower part the conduit exterior for width 
least 60% the conduit breadth. The remainder the conduit 


entirely surrounded height least 1.0 above its top granular 


materials carefully placed hand fill, completely, all spaces under and 
adjacent the conduit. The fill tamped thoroughly each side and under 


the conduit far practicable layers not exceeding 0.5 thick—all under 
the direction competent engineer represented competent inspector 
constantly present during the operation. 

“Concrete-cradle” bedding that method bedding conduits which 
the lower part the conduit exterior set plain reinforced concrete, 


suitable thickness, under the lowest part the conduit exterior and 


upward each side the conduit for greater less proportion its height. 


The load factor for each these bedding classifications has been deter- 
mined experimentally be: 


Figure No. Bedding Load factor 
1.9 
13(d) 2.2 3.4 


PROJECTING CONDUIT BEDDINGS 


culvert construction practice, rigid pipes are often installed projecting 
conduits and the fill material may exert active lateral pressure against the 
sides the pipes, which tends increase the supporting strength the 
structure. The supporting strength projecting conduit, therefore, 
function both the distribution the vertical load and the reaction the 
pipe, and the magnitude and distribution the active lateral pressure sides 
which are exposed the embankment filling material. 

Because the large number possible combinations reaction distribu- 
tions and effective lateral pressure distributions, the experimental determina- 
tion load factors for projecting conduits has been supplemented analytical 


studies the stress situation pipe rings under various combinations 
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and lateral definition, the load factor 


which the load factor; the supporting strength the pipe 
any stated loading condition; and the three-edge bearing supporting 
strength the pipe. 

Except for the normal variations physical properties the material 
which culvert pipes are made, sufficiently accurate assume that the 
outer fiber stress the point and the time rupture will the same 
whether the pipe loaded testing machine actual embankment. 
Therefore, the thin ring elastic theory and the flexure formula may used 
express the outer fiber stress terms the loads the pipe the field and 
laboratory loadings; and, equating these expressions, the load factor 
readily determined. When the field loading situation such that the pipe 
cracks first the bottom, this process leads the formula: 


vertical load and vertical reaction; parameter which function the 
area the vertical projection the pipe which the active lateral pressure 
the fill material acts; and the ratio the total lateral pressure the 
total vertical load. 

When the load and reaction situation causes the pipe crack first the 
top (which usually the case when pipes are bedded concrete cradle), 
and X’, should substituted for and Eq. Values the 
parameters and X’, for various projection ratios are follows: 


0.217 0.743 
0.549 0.811 


the case ditch conduits, convenient name and define several 
classes bedding conditions for projecting conduits and determine value 
X’p for each class. These classes bedding are defined 


“Impermissible projection bedding” that method bedding projecting 
conduits which little care exercised either shape the foundation 
surface fit the lower part the conduit exterior fill all spaces under 
and around the conduit with granular materials. This type bedding also 
includes the case conduits rock foundations which earth cushion 


Supporting Strength Rigid Pipe Culverts,” Spangler, Bulletin No. 112, lowa 


Ibid., 15, Fig. 
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provided under the conduit, but shallow that the conduit, settles 
under the influence vertical load, approaches contact with the rock. 

“Ordinary projection bedding” that method bedding projecting 
conduits under embankments which the conduit bedded with 
care earth foundation shaped fit the lower part the conduit exterior 
with reasonable closeness for least 10% its over-all height. The remainder 
the conduit surrounded granular materials, placed shovel fill all 
spaces completely under and adjacent the conduit—all under the general 
direction competent engineer. the case rock foundations, the pipes 
are bedded earth cushion, having thickness under the pipe not less 
than 0.5 in. per foot height fill, with minimum allowable thickness 
in. 

bedding” that method bedding projecting 
conduits, having projection ratio not greater than 0.70, which the conduit 
carefully bedded fine granular materials earth foundation carefully 
shaped fit the lower part the conduit exterior for least 10% its over- 
all height. The earth filling material thoroughly rammed and tamped, 
layers not more than in. deep, around the conduit for the remainder the 
lower 30% its height—all under the direction competent engineer, 
represented competent inspector constantly present during the operation. 
the case rock foundations, the pipes are bedded earth cushion having 
depth provided under ordinary projection bedding. 

“Concrete-cradle projection bedding” that method bedding con- 


duits which the lower part the conduit exterior bedded cradle, 
constructed 2,000-lb concrete, better, having minimum thickness 
under the pipe one fourth the nominal internal diameter and extending 
the sides the pipe for height equal one fourth the outside diameter. 
The values for these bedding classes are follows: 


Type projection 
edding 


Impermissible 
Ordinary 
First class 


Working values the load factor Fp, computed for rigid culvert pipes 
installed projecting conduits ordinary, first-class, and concrete-cradle 
beddings, with various projection ratios and value the settlement ratio 
0.7 are shown Fig. general correctness the foregoing analytical 
method determining load factors has been established series experi- 
ments which ten pipe culverts four kinds material—plain concrete, 
reinforced concrete, burned clay, and cast iron—were loaded earth embank- 
ments and their supporting strengths determined. Then samples pipes 
representative each the ten culverts were tested the laboratory the 
three-edge bearing test and the ratios the field and laboratory strengths 
were 


Supporting Strength Rigid Spangler, Bulletin No. 112, lows Eng. 
Experiment Station, Ames, Iowa, 1933, 
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CLAY 


Circumstances may arise under which engineer may wish increase the 
strength clay pipes incasing them concrete. Some extensive experi- 
which commercial vitrified salt-glazed clay pipe was incased plain 
concrete and the combined structure tested both sand and three-edge 
bearings have indicated that the test strength only slightly greater than the 
sum the individual supporting strengths the clay pipe and the incase- 


Concrete 
Projection Bedding 


Ordinary First Class 
Projection Bedding Projection Bedding 


Values of 


Values Load Factor 


ment. The action the incased pipe was very nearly that two independent 
but concentric rings—the supporting strength the combined structure being 
very much less than the two materials had acted unit resisting the 
stresses due the test load. result these experiments, computations 
have been made the three-edge bearing supporting strength 
(American Society for Testing Materials) standard sewer pipe when incased 
various thicknesses. The results these computations are shown 
Fig. 15. 


INTERNAL PRESSURE 


When used for the transportation water, gas, other fluids, cast-iron 
pipe conduits not only are subjected the ring stresses produced the 
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external loads due backfilling and surface loads, but addition must resist 
the stresses produced the internal fluid pressure well. Since 1939 com- 
pleted the supporting strength this kind pipe under 
combined loads pressures 


indicated approximately 

parabolic relationship between 

the magnitude the external 

load and the internal pressure 
which required cause fail- 
ure the pipe. The external 
loads may those for any 
loading condition, although 


bearings and then apply the 
Thickness Incasement, Inches factor calculate the equiva- 


installation. 


Safe design values the strength ratio have been determined for cast-iron 
pit-cast pipes installed under six different field conditions, follows: 


Condition 


Trench Backfill 
Flat bottom Untamped 
Flat bottom Firmly tamped under and around pipe 
Pipe laid blocks Firmly tamped under and around pipe 


Shaped bottom 


Firmly tamped under and around pipe 


safe design values the strength ratio for these field conditions 
are shown for nominal pipe diameters from 60” [in Fig. 16]. The 
values shown this figure have been adopted Sectional Committee 
A21 the American Standards Association, with whom this research work 
was conducted cooperative basis. They are based directly upon the 
experimental results although those adopted for conditions and have 
been reduced from the experimental values the belief that the tamped 
earth beddings the laboratory tests were more carefully made and there- 
fore more effective than safe assume for field conditions.” 


Proposed New Method for Determining Barrel Thicknesses Cast Iron Pipe,” Wiggin, 
Enger, and Schlick, Journal, A.W.W.A., May, 1939, 841. 


Recommended Practice Manual for Computation Strength and Thickness Cast 
Iron (A21.1), A.S.A., 1939. 


Strength Cast-Iron Pipe for Water and Gas Service,” Schlick, Bulletin. No. 
146, Iowa Eng. Experiment Station, Ames, Iowa, 1940. 
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general, may stated that underground conduits derive their capacity 
support the above them from two sources: First, the inherent strength 
the pipe resist external pressures; and, second, the lateral pressure 
the soil the sides the pipe. rigid pipes such those made concrete, 
cast iron, and burned clay, the inherent strength the pipe the predominant 
source supporting strength. 

flexible pipes such corrugated metal culverts and thin-walled steel 
conduits, the situation reversed. The pipe itself has relatively little inherent 
strength, and large part its ca- 
pability supporting vertical load 
must derived from the passive 
pressures induced the sides move 
outward against the soil. 

tween the rigid types conduits 1.6 


and the flexible types that the 
latter fail deflection rather than 


one large deflection change un- 
accompanied rupture the pipe 
wall; and, for this reason, the design 0.4 
the flexible types conduits 
should based upon the deflection 
the ring rather than upon stress 242016128 
the side walls the case Diameter Pipe, Inches 
the rigid types. This statement Ratio 
predicated the assumption that 
the longitudinal joints the flexible 
pipe are sufficiently strong develop the pipe wall continuous ring. 
Laboratory short sections corrugated metal culvert pipes 
various diameters and gages metal have indicated that the elastic theory 
flexure applied thin rings Claude Filkins and Edwin Fort,* 
ASCE, applicable these flexible conduits, even the deflections and 
changes radius the elastic ring are relatively very large. Therefore, 
the loads and pressures acting flexible pipe are known can assumed 
confidently, the deflection the pipe can determined this theory within 
the elastic limit the pipe material. Typical results laboratory measure- 
diameter changes under three-edge loading conditions are shown 
‘ig. 17. 


Structural Design Flexible Pipe Culverts,” Spangler, Bulletin No. 153, Eng. 
Experiment Station, Ames, Iowa, 1941. 


and Deflections Circular Rings Under Various Conditions Claude 


Filkins and Edwin Fort, Transactions, Assn. Civ. Engrs. Cornell Univ., Ithaca, Y., Vol. IV, 
1896, pp. 
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number field loading experiments corrugated metal pipe culverts, 
which the vertical and lateral pressures and the deflections the pipes were 
measured have led the following conclusions regarding soil pressures and 


deflections flexible con- 


120 


The vertical load may 
determined Dean Mar- 
ston’s theory loads 
conduits; distributed ap- 
proximately uniformly over 
the breadth the pipe. 

The vertical reaction 
equal the vertical load 
and distributed approxi- 
mately uniformly over the 
width bedding the 
pipe. 

The horizontal pres- 
sure each side the pipe 
distributed parabolically 
over the middle 100° 
the pipe, and the maxi- 
mum unit pressure (which 
occurs the ends the 

horizontal diameter the 
pipe) equal the mod- 
GATED BEARINGS ulus passive resistance 
the fill* material multi- 
plied one half the horizontal deflection the pipe. 

The pipe may continue deform for some period time after the 
maximum fill load has developed, due continuing deformation the side 
fills under lateral pressure. The assumed loading shown 


Fig. expression for horizontal deflection resulting from these hy- 
potheses is: 


Load Pipe, Pounds per Linear Inch 


which the horizontal deflection the pipe, inches; the deflection 
lag factor; bedding constant, depending upon the bedding angle; 
the vertical load per unit length the pipe, pounds per inch; the mean 
radius the pipe, inches; the modulus elasticity the pipe material, 
inches; the moment inertia per unit length cross section pipe wall, 
inches‘ per inch; and the modulus passive resistance the enveloping 
soil, pounds per square inch per inch. 


Structural Flexible Pipe Culverts,” Spangler, Bulletin No. 163, Eng. 
Experiment Station, Ames, Iowa, 1941, 26, Fig. 17. 
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Values the bedding constant, for various values the bedding angle 
are: 
Bedding constant, 


The modulus passive resistance the side filling material defined 
the unit pressure developed the side pipe moves outward unit distance 
against the side fill. Little known concerning the nature this modulus. 
the Rankine theory lateral soil pressures, the limiting value the ratio 
passive horizontal pressure vertical pressure which granular soil without 


2rsin@ 


cohesion can develop shown the reciprocal the active pressure ratio. 
However, this theory does not give clue the amount movement 
required develop the limiting value passive pressure, and would seem 
that the actual passive pressure may any value less than the maximum, 


depending soil characteristics and amount movement the sides the 
pipe. 
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Several facts concerning the value the modulus passive resistance 
side fills adjacent experimental flexible culvert pipes have been observed. 
First, this modulus varies widely with soil characteristics. Measurements 
have indicated value for gravel material approximately three times great 
foraloam material. the case silty clay soil material, the modulus 
passive resistance was approximately doubled hand tamping compared 
the value for the same material relatively loose, shovel-placed condition. 
The second fact that has been observed that when flexible pipe installed 
without struts the horizontal movement the sides the pipe and the passive 
resistance pressure the sides the pipe increase linear relationship 
with the height fill, indicating constant value the modulus passive 
resistance pressure the height fill built up. 

Field observations several flexible pipe culverts service, completed 
1946, have indicated that the settlement ratio, the modulus passive pressure, 
and the deflection lag factor are all intimately interrelated. These studies 
also indicate that the structural performance this type conduit greatly 
influenced the character the side fills and that time and effort spent 
compacting the soil the sides the pipe will amply repaid better per- 
formance the structure whole. 


SUMMARY 


Dean Marston’s theory loads and supporting strengths underground 
conduits serves highlight the many factors, addition the height 
fill and the conduit strength, which contribute the structural success 
failure such structures. guide sound design procedure and 
good construction practice this field engineering. 

For example, the theoretical analysis ditch conduits indicates that the 
width ditch has marked effect upon the load which the conduit must 
carry and field observations tend verify this indication. Good practice, 
therefore, requires that the design width ditch held practical minimum 
value and that this design width adhered construction. 

the case projecting conduits, such factors the projection ratio and 
the settlement ratio have important bearing the load which the soil 
overburden produces the structure, and knowledge the characteristics 
the site which influence these ratios necessary before accurate load 
analysis can made. These characteristics are concealed very great 
extent when embankment built that usually not possible deter- 
mine the load projecting conduit after completed merely observing 
the height fill and the character the soil covering. Likewise, the bedding 
characteristics conduit, and the conditions governing the development 
lateral earth pressures the structure, both which influence its field sup- 
porting strength, cannot determined readily after construction completed. 
not feasible, therefore, base one’s judgment the safe height fill 
which can constructed over given type conduit one location, the 


fill which the same type conduit may successfully supporting 


another location, unless known that all factors which influence load and 
supporting strength are the same both locations. 
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APPENDIX. NOTATION 


The following letter symbols, adopted for use this paper and its dis- 


cussion, conform essentially with ASCE Manual Engineering Practice No. 22, 
“Soil Mechanics 


area element (see Fig. 10); 
horizontal breadth width, with subscripts denoting: 
conduit; 
load coefficient, with subscripts denoting: 
projecting conduits; 
ditch conduits; 
load the underground conduit transmitted concentrated 
load the surface; 
modulus elasticity the pipe material; Young’s modulus; 
modulus deformation the filling material; 
base natural logarithms; 
factor, with subscripts denoting: 
deflection lag; 
impact; 
bedding constant; 
height fill, with subscripts denoting: 
height ground surface above top conduit; 
height the plane equal settlement from the top pipe; 
height top backfill from any horizontal plane; 
slant height from the center elementary area Fig. 
the point application load; 
moment inertia per unit length cross section pipe wall; 
ratio lateral pressure point vertical pressure; hydrostatic 
pressure ratio; 
longitudinal length the conduit; 
total vertical pressure horizontal plane the backfill, within 
the interior prism: 
the pressure concentrated load the surface; 
total any point distant from the surface; 


supporting strength resistance pipe, with subscripts denoting: 


strength any stated loading condition; 
strength for the case three-edge bearing; 
mean radius the pipe; 
weight total load, with subscripts denoting: 
load transmitted concentrated surface force; 
load per unit area, with subscripts denoting: 


: 

lus 

he 
yr 
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horizontal unit load; 
vertical unit load; 

parameter symbol, denoting subscripts function of: 

the area the vertical projection the pipe which the 
active lateral pressure the fill material acts; 

the distribution the vertical load and vertical reaction; 

When the load and reaction situation (Eq. 14b) causes the pipe 

crack first the top the parameter symbol primed, thus: X’; 

vertical deflection vertical settlement, corresponding hori- 
zontal deflection, the subscripts denoting: 

deflection the conduit the shortening its vertical 
dimension; 
settlement the flow line the conduit; 
settlement embankment subgrade adjacent the con- 
duit; 
deformation the filling material adjacent the conduit 
within the height 
distances along the z-axis, also vertical distance from the surface 
given point; 
substitution symbol involving introduced simplify typography 
(see Eq. 2a); 
substitution symbol involving introduced simplify typography 
(see Eq. 5c); 
unit weight filling material; 

horizontal deflection; 

modulus passive resistance the enveloping soil; 

angle formed with the vertical the radius vector from the point 
application the surface load the point considered (Eq. 13), 
also the angle the intersection pipe trench with the ground 
surface (Fig. 18); 

ratio total lateral pressure total vertical load; 

coefficient internal friction between fill materials; coefficient 
sliding friction between the fill materials and the sides the 
ditch; 

concentration factor dispersion factor; disposable parameter; and 

projection ratio; ratio the vertical distance between the top the 
conduit and the natural ground surface adjacent the conduit, 
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one reminded the old Hindu story about the blind men who were taken 
visit elephant, and afterward asked describe the animal. The man who 
felt the elephant’s legs stated that elephant was like tree, the one who had 
felt his trunk described the animal being like huge snake, while the one 
who had felt his tail likened him thick rope. 

Each discusser—practicing engineer, educator, layman—discusses engi- 
neers, the practice engineering, and engineering education from his con- 
tacts with them. Some have been wide and varied, have involved large 
numbers engineers practicing many specialties varied locations, while 
others, although extending over considerable periods time, have been with 
limited groups and sometimes within limited areas. 

Most the engineering educators appear have had mind recent grad- 
uates, seeking employment following graduation during the early years 
their practice, possibly thinking the employers endeavoring re- 
cruit young graduates fill subprofessional preprofessional positions their 
organizations. Professor Brinker talks about maintaining student interest 
courses and about preparing civil engineering graduates that, following 
commencement, they may secure positions instrumentmen rather than 
rodmen, draftsmen rather than tracers. Professor Carpenter feels, and 
rightly so, that employers young graduates should convinced the value 
viewing such graduates professionally trained men, and affording them 
opportunity rise from subprofessional professional status. 

the other hand, practicing engineers and others seem have mind the 
engineer his more mature years, when practicing specialist 


paper Donald Baker was published April, 1946, Proceedings. Discussion this 
Oesterblom, Samuel Carpenter, Lynn Perry, and Grinter; October, 1946, Robert Thomas, 
1946, William Conwell, and Amirikian; February, 1947, Dykstra, and Louis Balog; 
and May, 1947, Henry Lynch, and Alfred Golzé. 
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engineering executive administrator, business man, 


merely contented and worthwhile citizen. 

Mr. Balog, when sees the educated designer” true repre- 
sentative the civil engineering profession, apparently has mind those 
young South American structural designers—twenty-five thirty-five years 
old—who, states, have developed reinforced concrete design practice far 
superior that the level achieved this country. this assertion 
ignores the efforts those civil engineers, young and old, whose endeavors, 
many instances involving more less routine design, have resulted many 
huge dams; water supply, flood control, irrigation, and power projects; highways; 
railroads; airfields; and port facilities; that turn have done much estab- 
lish the high standard living prevalent the United States. Perhaps Mr. 
Balog has mind definition which involves merely the use 
formulas and charts determine the dimensions various members 
structure. Should not this word “design” include the conception, planning, 
arrangement, location, dimensions, use, and general economics structure 
utility. 

Mr. Wagner and Miss from their long and intimate experience 
with engineers all ages, kinds, and capacities, and with large numbers em- 
ployers engineers, have probably achieved broader and deeper contact with 
these than the case with most the other discussers. significant, 
view this, that Mr. Wagner poses these extremely pertinent questions: ‘‘What 
engineering?” ‘‘What the engineering profession?” and ‘‘What its 
When the answers these questions are known with reasonable 
degree certainty, engineering societies and engineering educators will have 
far sounder basis for their activities than they now have. 

The writer throughout his paper and this discussion has referred engi- 
neering profession, although for some considerable time there has been 
question his mind whether the practice engineering involves the 
practice profession, whether involves business which profes- 
sional man engaged. attempt made herein answer this question; 
one which merits serious consideration engineers, engineering societies, 
and engineering educators. 

The statistical material used this paper present the composition and 
structure the engineering profession, and the conditions that govern and pre- 
vail actual practice, embrace, nationwide very large and rep- 
resentative segment the engineering profession. Where derived data are 
based sampling, the samples were size adequate produce results 
quality sufficient meet the purposes this paper. Conclusions reached were 
substantially agreement with independent studies made Mr. Thomas and 
Miss This does not mean, however, that further work this 
ter unnecessary. the other hand, urgently needed, and the author 
would the first admit the inadequacy his basic data. submits, 
however, that the statistical material presented all points the same direction, 
and, furthermore, conclusions reached coincide with experience. 

National engineering societies during recent years have given far more 
attention engineers, against engineering, than was given the 
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may due, part, the large additions younger men their membership 
and the demand these younger engineers for display such interest. 


Activity along these lines can expected continue increase, for 
other reason than that changed conditions growing out wartime employment 
will require it. These activities, however, cannot carried with the high- 


est degree effectiveness until more knowledge obtained concerning the 


answers the three questions posed Mr. Wagner. expenditure 
national engineering societies the order $500,000 this field over 
five-year period would yield handsome returns their members, industry, 


and the nation large. 

The paper, although its title pertaining the broad field engineering 
education, was limited primarily discussion the engineering profession, 
the practice engineering, educational curricula, and course content. The 


writer also made recommendations modification changes these last 
two for the purpose producing young engineers who, time goes on, can 


more adequately meet the demand for engineering services the postwar 
market. Had the paper fully covered the subject, should have included 
discussion engineering instructors, engineering instruction, and the problem, 
strongly and properly emphasized Mr. Boalich, how better control 
the admission engineering courses students who possess those temper- 
mental and other personal characteristics which fit them follow engineering 
and content its practice. 

Mr. Lynch suggests that preparation for collegiate training engineering 
should commence high school. This suggestion has great deal merit, 
although probably will not adopted until such time engineering schools, 
societies, and state registration boards have come work more closely together 
toward common objective. Although there still exists widespread feeling 
among engineers that professional status may obtained without formal 
engineering education—due probably the still large number men claiming 
such status without holding degree—the next generation engineers will have 
percentage men within its ranks who have not had formal engi- 
education. This situation has already occurred medicine, dentistry, 
accounting, and law. The young man who makes his mind high school 
follow professional engineering and begins then shape his course and plans 
for the “long will the one who attains professional status the highest 
sense the words. 

number discussers refer the desirability developing imagination 
Mr. Oesterblom talks about the urge,” and very rightly 
decries the tendency flexible mind into rigid form.” Imagination 
and vision are personal traits. Some persons possess them greater degree 
than others, but even those who inherently lack them, they can cul- 
tivated inspirational instruction. This latter extremely difficult secure; 
and only too often those instructors who possess the ability give either 
leave teaching are advanced rapidly positions the faculty where their 
contacts are with older students. 

Professor Lilly has pointed out the crux this problem his statement, 

quality the student must come from quality the 
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schools collegiate grade, assign instructors freshman subjects recent 
graduates, possible men who have achieved scholastic honors. and when 
these younger instructors attain experience and seniority, they are assigned 
sophomore courses and, ultimately, with greater seniority and possibly with 
increasing reputation derived from research and writing, may arrive teaching 
junior and senior courses. 

Freshman and sophomore students from eighteen twenty years old are 
passing through the most impressionable and idealistic period their adult 
life. Seldom they know just why they enrolled engineering course, 
although many them may think they do. During these formative first two 
years, their contact almost entirely with immature and inexperienced in- 
structors; and upon such instructors that the responsibility largely rests 
providing inspired instruction the time when most needed and most 
effective. Even after the student has reached his junior year, his contacts 
are seldom with instructors who have ha” experience the practice engi- 
neering responsible capacity and who are familiar with problems commonly 
met engineering practice. With only such contacts described, how the 
student, during the first two years, determine whether fitted to, will 
want follow, engineering career and happy doing. 

Perhaps the lack student interest during the first two years the engi- 
neering course referred Professor Brinker and others due more un- 
interesting instructors and unimpressive instruction than course content. 
Inspirational instruction much matter the personality the in- 
matter the manner which presents his subject than the content his 
leetures. The writer recalls his course descriptive geometry, subject usu- 
ally disliked most students. The instructor had never taught the course 
before, and had but casual knowledge the subject. managed, however, 
keep several pages ahead the class text, they did not discover the 
shallowness his knowledge. had engaging personality, and managed 
arouse the interest his students the subject and himself that every 
student acquired deep interest the course, and thorough knowledge 
this normally dry and uninteresting, although valuable, subject. also 
recalls course hydraulic machinery given instructor who was out- 
standing authority, man who had done much pioneering work the 
and development pumping machinery and turbines. This instructor, how- 
ever, droned through his lecture and filled the blackboard with formulas and 
mathematical developments theory. Few this class acquired much 
knowledge the subject the end the course. 

Were possible develop faculty that had one fourth one third 
its members engineers who had ‘from fifteen twenty years experience 
the practice engineering, least one half which time was fairly 
sponsible capacity, and freshman and sophomore students were provided 
the opportunity sit for three four hours per week under some these 
structors, and under some the older instructors who had achieved eminence 
engineering—men whom they could look with respect and even awe— 
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this lack interest would not exist. Furthermore, freshman and sophomore 
students were told—and they should told repeatedly—just how their course 
had been developed, why each subject had been included therein, the inter- 
relationship between all subjects the course, and the relationship the 
structure and pattern the course their future practice, they might within 
this two-year period gain picture what they were doing, why they were. 
doing it, and the direction which they were headed. addition, be- 
lieved that when the deans department heads commenced justify them- 
selves the courses given, prior presenting such justification the younger 


students, the conclusion might reached that some these courses could 
not justified and they might eliminated. might also discovered that 


other courses could only justified because Professor Soandso, who has been 
giving certain course for years, objected teaching any other subject. 
Mr. Perry states that the need salesmanship every man but partly 


true statement. number discussers decry the need salesmanship 
engineers, and question whether can taught. Salesmanship involves 
knowledge the product sold, people, and the faculty clear and logical 


expression, verbal and written. One never completes his education these 


subjects any more than does engineering subjects, but the student en- 


titled told, with emphasis, the importance him salesmanship. 
should, minimum, able make out effective application for employ- 


ment, although only one graduate out ten can this. should able 


write clear and effective one-page letter, and meet prospective employer 


without stammering and stuttering. Few graduates can these things. 
Criticism, instructors, the manner which students recite and the 
quality expression found their papers and reports will often prove 


effective formal courses literature and expression. 

writer believes requires salesmanship for graduate secure his first 
engagement, and that salesmanship required order for him advance 
higher positions. has known and worked with many so-called financially 
and eminent and with many engineers who were far less 


successful financially and far less eminent, but who possessed equal ability and 


capacity. Too often has been found that the only difference between men 
the two groups the amount salesmanship practiced the more financially 
succesful and more eminent engineers. 

not readily possible determine the quality engineering service 
the quality other professional service. doctor loses cures 
patient. lawyer wins loses case. Their successes failures are soon 
known, and these accumulate their professional reputation standing 
enhanced disappears. Floods that wash out dams, earthquakes that destroy 
buildings, loadings that cause bridges fail may not occur until years after 
the death the engineer responsible for their design construction. One 
engineer may develop ore deposit one manner and another develop 
differently. either case, the success failure the mine usually credited 
the character the deposit, the market, not the engineer. One engi- 
heer may plan, design, and construct water supply project costing millions 
dollars. This aids making him successful and eminent, even though twenty 
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years after the project has been completed, found have been college 
overdeveloped, and cannot meet interest its bonds. Another admin 
may develop much smaller project costing thousands instead except 
but which very successful and able pay off its bonds before stress 
This latter engineer seldon heard unless possesses the quality his 
manship. record 

admitted that engineers cannot advertise the value and worth progré 


specia 
ferring 


services the same manner makers soap and laxatives, but the 
mouse trap” theory became obsolete with the advent newspaper and 
odical advertising. Some engineers have jobs seek them; but the writer 
iar with too many engineers and engineering organizations, public and 


large and small, who have their salesmen contactmen, sometimes 
the title public relations counsel, believe that work well done the only 
requirement for securing more and better work perform. thi 
papers and publish books for the purpose giving the profession the benefit 
their experience and knowledge, for the purpose advertising study 
but usually for both purposes. They join organizations, civic, religious, 
nal, social, and professional, make contacts. The better engineer known 
the greater the opportunity will have perform more interesting and more 
important work; and can become known more quickly and effectively 
tells the world about himself dignified and ethical manner. Too many call 
structors fail realize that wasted effort teach student how design 
structure, piece machinery equipment, the student cannot convince 
prospective employer client that capable doing such job and, speci: 
There appears be, the part most the engineering educators who thee: 
discussed this paper, mistaken view the writer’s proposal that the 
rent four-year engineering course limited fundamentals the broad 
field engineering, and broadened include subjects business, the 
humanities, and expression. This proposal constituted only part the 
gram suggested, and was urged view prevailing opinion and experience 
over several decades that few engineering students will, for economic and other 
reasons, more than four years residence any engineering school 
secure engineering education. Attention called the statements under 
the heading, Engineering Education,” that the postwar market for pres 
engineering services can expected require: 
“(1) longer period study and training for engineers (2) the 
broader knowledge wide range both technical and nontechnical sub- 
jects necessary provide maturity judgment; and (3) the greater de- 
mand for executives and administrators who have had background 
and experience grac 
The requirements set forth under items (2) and (3) are pointedly empha- 
sized survey May 1947, which covered personnel placement 
bureaus one hundred and one colleges and universities the United States. 
This study finds notable trend the part employers toward seeking 
eapolis, Minn., 1947. 
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college graduates with engineering degrees for positions sales work, office 
administration, and other nontechnical lines. also finds that employers, 
except when seeking men for research and design activities, lay far more 
stress upon graduate’s ability “get with people, his personality, and 
his extracurricular activities while school, than they upon his scholastic 
record. also states that most large concerns that have instituted training 
programs for entering employees who are graduates give little weight any 
specialization which graduate may have undertaken while college, pre- 
ferring train these graduates themselves specialized subjects. These 
findings confirm those the study made the American Association 
Engineers 1940, which were quoted the writer. 


meet these requirements, four-year course outlined was suggested, 


followed opportunity for postgraduate study, either residence 
through extension correspondence, specialties nontechnical sub- 
jects, with the goal professional degree when suitable amount such 
study had been satisfactorily completed. These two items are the keys the 
program suggested the paper, and must considered being inseparable. 


effect such program would not call for anything revolutionary. 
would mean harder work for instructors during the time necessary adapt 
existing courses new conditions, and develop new courses. would also 
call for some education of, and cooperation and understanding by, personnel 
directors and employers the realization that the graduates the four-year 
courses they would then employing would not highly trained certain 
specialties, but would have broader training fundamentals, could more 
flexibly used, and could expected secure their specialized training during 
the early years theiremployment. few years experience with graduates 
this type should soon convince employers their increased value. The 
greatest burden would fall upon the working for his professional degree 
the same time was earning living, and also upon his wife and family 
acquires these during such period. These should realize, however, that the sac- 
called for will compensated later. 

The Mr. Wagner the composition and structure the engi- 
neering profession, and the information which presents pertaining German 
technical education prior World War are extreme interest. Fig. was 
presented illustrate the statement that the practice engineering mass 
activity—not mass production mistakenly inferred Mr. Balog—and that 
any product created engineers the work many persons with varying 
kinds and degrees technical training, experience, and ability. Mr. Wagner 
states that engineering considered being pyramidal shape, against 
the cubical shape other professions and trades, large number engineering 
graduates, regardless their qualities abilities, are doomed remain po- 
sitions the middle lower sections the pyramid, because there not room 
the top. This fact true any group activity this character. 

composed few generals, substantially larger number cap- 
tains and lieutenants, still larger number noncommissioned officers, and 
great number privates. private may advance general, but only 
has outstanding ability and undergoes arduous training. All privates and 
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sergeants receive specialized training, but not that character provided for 
potential generals. 


may be, Mr. Wagner states, that other forces and organizations will 


solve the problem fitting engineering education conditions prevailing 


practice, without the aid engineering schools societies, and that this may 


develop pattern somewhat similar that existing Germany before World 


War adapted, however, American conditions. This does not remove 
from engineering schools societies the responsibility endeavoring solve 
the problem. Naturally, however, until far more information available 
the number engineers required perform technical duties the various 
branches engineering each functional bracket (from nonprofessional 


through subprofessional, and preprofessional, professional), and the number 


so-called among the professional workers, and until more in- 


formation available upon which opinion can developed future trends 


these numbers, little more than approach can fitting the gen- 
eral pattern engineering education the requirements the future market. 


Adoption the educational program suggested this paper would un- 
doubtedly decrease the number those who embark upon engineering 
course with the expectation achieving full professional and would 
increase the number those who will satisfied seek education which 
will qualify them perform subprofessional routine professional duties. 
Mr. Perry questions the wisdom decreasing the number professional engi- 
neers without, the same time, making plans supply adequately the 
demands for subprofessional group. correct this view. 

medicine, Mr. Wagner states, those who not expect achieve pro- 
fessional status are only required follow educational program equipping 
them for subprofessional work. Laboratory technicians, nurses, and pharma- 
cists are not secured from the ranks those who embark upon, but for some 
reason fail complete, the entire medical course, who, having secured their 
medical degree, lack certain qualities characteristics necessary for profes- 
sional practice, and fall back upon subprofessional work. Every person seeking 
practice medicine knows the outset his premedical course, and usually 
high school, that must complete this course, his medical course, and year 
internship, and then submit extremely difficult and searching 
state examination before can admitted practice. also knows that 
can specialize only after further and prolonged study. One does not hear 
the need providing undergraduate courses medicine order main- 
tain the interest the student. 

Professor Grinter agrees that courses public speaking, English literature, 
technical writing, history, and public affairs, when given under cultured and 
stimulating teachers, would produce results broadening students; but 
questions how student can study such courses sufficient quantity and still 
“end trained engineer.” This raises the question, trained 
engineer produced having student successfully pursue four years 
study engineering school, even school the highest caliber?” The 
answer manifestly the negative. The author believes, however, that 
student should follow four-year course, such outlined this 
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supplemented graduate study sufficient scope, character, and time 
attain the professional degree, will more closely approach the status 
trained engineer than will the graduate current four-year courses after 
has practiced from six ten years. 

Mr. Williams states that engineering education consists cultivating the 
the faculties observe, think, and express thoughts, and 
the personal attributes essential citizenship and full life. This most 
worthy objective, but the writer’s contacts—with thousands graduates 
all ages, all branches the profession, and holding all degrees responsi- 
bility—are guide, such objectives have been attained extremely small 
percentage engineering graduates. 

Professor Dougherty suggests that the writer has overlooked many changes 
that have taken place engineering education. review courses offered 
considerable number engineering schools; discussions with younger grad- 
uates; and reading news items technical journals pertaining engineer- 
ing faculty additions, improvements school facilities and equipment, and 
changes courses, give the impression that there has not been any material 
change engineering education since the period prior World War beyond 
that keeping well abreast technical developments and practices. 

Professor Dougherty also suggests that Fig. presented with profes- 
sional age the ordinate. This might accomplished use material 
presented Table but would serve little purpose. presentation 
Fig. which was not drawn scale, was, heretofore stated, indicate the 
fact that, the relative amount engineering work performed and the degree 
responsibility attached such work increased, the number engineers re- 
quired materially decreased. There is, course, some degree correlation 
between age, the one hand, and the importance work performed 
responsibility assumed, the other, but data are readily available, 
which such correlation could developed. The research suggested the 
writer would involve the collection analysis and interpretation this type 
data; but, until such research has been conducted, great deal the activi- 

ties carried improve the profession technically, socially, and economically 
will performed the dark, least the twilight. 

Professor Lilly with much truth states that should prepare 

man for his leisure hours well his working hours.” Miss has 
pointed out that not now the fashion portray engineers 
and that more and more stress being placed employers upon appearance. 
engineering education provide vocabulary, mentioned Professor 
and also provide for leisure hours, would seem that the students 
should have opportunity acquire nontechnical vocabulary; for many 
his contacts following graduation will include those who not possess 
understand technical vocabulary and with whom communication must 
had nontechnical terms. Furthermore, the student has never been given 
taste glimpse good literature, music, history, art, how will 
know that these exist, where turn gain acquaintance with them. 
Even course offering contact with these things and involving one-hour week 
during four years, where problem sets were assigned and grades given 
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except for attendance, would develop interest the part many graduates 
which would greatly help them preparing their leisure hours later years. 

Mr. Conwell indicates that the program suggested this paper shifts the 
responsibility for developing nontechnical requirements the engineering 
profession and for the cultural background the student from the latter the 
school, and shifts some the responsibility for obtaining technical knowledge 
from the school the employer. The writer agrees with this, and believes 
that proper. Under current practice, the student, immature youth 
seventeen eighteen, presents himself engineering school and says 
want engineer. Will you please make one out me.” The school 
proceeds work on, and sometimes with, him for four years, filling him 
technical theories and practice. the end the four years’ time takes those 
who have survived, the school gives each engraved piece parchment with 
his name it, and tells him, 


have done what could. know that you can hold down the 
first job you are offered, and hope that you can progress higher and 
more responsible positions. know that some our graduates have 
done so, although have not heard from most the 


The employer greets the graduate with open arms, and with high hopes 
that has hired future chief engineer, manager, even president, and then, 
most cases, promptly forgets him, although continuing grouse about the 
inadequacies engineering schools. The world seems very cold the grad- 
uate, except for the opportunity sometimes provided once month, resides 
fair-sized community, attending the meeting the local engineers’ 
club the local section national engineering society. such meetings 
may sit next his boss dinner, talk about something else besides his 
daily tasks, and may also listen some older fellow engineer him- 
self telling about work has recently performed. The graduate his 
own. His alma mater and his employer, well his profession, have 
responsibility toward him which they have, great degree, left unfulfilled. 

Mr. Amirikian emphasizes the problem placement the fin- 
ished referring graduates law, medicine, and engineering. The 
engineering graduate accepted most employers apprentice trade, 
with the difference that has acquired familiarity with some the tools 
which will use his trade, and able use few the simpler ones 
minor operations. further difference this analogy, however, that 
plumber’s apprentice can only become plumber and not bricklayer, where- 
civil engineering graduate may, and frequently is, apprenticed mechanical, 
electrical, mining, chemical engineering, and then required learn the 
new type tools. 

The discussion Mr. Thomas illustrates what can developed concerning 
éngineers and the practice engineering from existing basic data. Table 
showing that since 1929 the Society has taken three new members gain one, 
serves raise some extremely pertinent questions, among which included, 
“How many engineers must graduated from the current engineering 
courses produce one professional ‘engineer successfully practicing the 
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age of, say, forty seven?” analysis the relation losses Society 
membership total membership, other than from death, shows that the high 
loss ratio was not due the depression the 1930’s. Table indicates that 
one half the number engineers who were practicing their profession the 
age thirty had left their profession fifteen years later, the time they 
were forty five, and that such loss ratio increases for engineers over thirty 
years old. Although the basic data upon which these conclusions rest may not 
strictly representative sample, nevertheless, the conclusions are interest- 
ing and significant, and involve sample sufficient size warrant their being 
given serious consideration. Mr. Thomas’ study resulting Fig. which 
shows the increase employment younger civil engineers public service, 
might well extended other branches engineering. Fig. shows the 
deterioration private practice civil engineering field opportunity 
for younger engineers. Such trend commenced long before the depression, 
cannot charged conditions created thereby. 

Miss discussion the methods and source material used the 
American Association Engineers its studies engineers and the practice 
engineering indicates what can accomplished through the use existing 
data. The writer thorough agreement with her conclusions the dis- 
advantages the use questionnaires which voluntary replies are re- 
quested, and the unreliability results secured where basic data are col- 
lected this method. The unreliability these results was established 
dramatic manner poll the 1936 presidential election. Such polls had 
been taken number times previously and showed high degree accuracy 
with election results, but the sampling the 1936 poll was apparently very 
unrepresentative. 

Past studies engineering compensation, based voluntary replies 
questionnaires, bear resemblance the material presented Table 3(c), 
which based the salaries every technical engineer the country. Those 
receiving income disproportionately low compared their age, length expe- 
rience, position held, either not reply give higher than actual figures, 
while recipients high income always proudly answer. The results, therefore, 
are heavily weighted replies from those receiving higher incomes. Even 
sampling this method truly representative, there way determin- 
ing this fact. Polls compiled George Gallup and the magazine Fortune, 
based samples carefully selected representative, although extremely 
small number compared the universe sampled, are statistically sound and 
have been proved highly accurate. Furthermore, sampling, whether 
the basis voluntary replies questionnaires, through personally 
interrogating the respective sample, only gives current views, attitudes, and 
facts. Trends can best determined utilization existing basic data. 

Experience records engineers source basic data the study the 
composition and structure the engineering profession were suggested the 
best available information. These records include the type and kind work 
engineers, the extent responsibility which was placed upon 
them, the relative importance the work which they were performing va- 
stages their careers, the general rate progress which they have made 
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their profession, the changes from one branch specialty another, and 
the changes from one location employer another. They were not sug- 
gested, Mr. Balog has assumed, source information the accom- 
plishments capabilities engineers. The writer agrees with Mr. Balog 
his statement that: 


and everywhere, structures can observed which disclose the 
need for engineering services—instances where the use expert engineering 
talent would have resulted savings, improved and increased 
engineering 


engineers were better salesmen this statement would not 
ment not possible, however, with Mr. Balog’s statement that: 


management engineering organizations, present, may 
purely parasitic activity which mere trader’s cunning, certain dexterity 
the use technical terms, sufficient qualification for position above 
the 


The writer’s statement— 


current practice engineering, except those who serve advisory 
consulting capacities, mass-production activity, which each indi- 
vidual serves cog machine and performs his specific duties 
unit much larger group” 


—was not quoted its entirety Mr. Balog. The creations engineers, 
particularly when they involve structures facilities, are not those mass 
production, but are those organized group technical men working with 
others. Before large engineering structure can designed and built, its 
location, site, income possibilities, and many other features must studied. 
Alternate preliminary plans and designs must prepared, the economics 
each plan and design investigated. Final plans are then prepared and cost 
estimate made. then must built, and working plans prepared, 
foundation conditions explored, and changes made the design during con- 
struction. 

Tracers, draftsmen, designers—structural, mechanical, electrical, and others 
—rodmen, instrumentmen, chiefs party, laboratory technicians, concrete 
technologists, resident engineers, inspectors, and multitude other personnel 
are required, some performing perfunctory duties, some routine work, and 
others technical work requiring extremely high skill, knowledge, and judgment. 
The designer but one member the team—an important one true, but 
more important than many others. the top the manager. coor- 
dinates, plans, drives, and pushes, makes the important decisions, confirms 
those made others. devoted his time primarily the engineering 
phases the operation which was managing and, Mr. Balog suggests, 
“assigns subordinates the nontechnical duties the managerial position,” 
one wonders the job would ever completed, and what cost. 

Again, the questions posed Mr. Wagner arise. Was the chief engineer 
the Golden Gate Bridge (San Francisco, Calif.) practicing engineering only 
during the times when stopped the drafting room discuss with his chief 
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designer the arrangement, size, and thickness plates used the design 
the towers, and the unit stresses steel allowed the cables this, the 
longest suspension bridge the was practicing engineering dur- 
ing the entire period from the time such bridge was conceived and determined 
his mind feasible until the time was completed and opened traffic? 

Mr. Golzé well expresses the viewpoint the engineering employer when 
speaks the need the Bureau Reclamation, large public engi- 
neering organization, which passing into the stage operating the engineering 
projects has built, and clearly foresees the need for engineers who can admin- 
ister and operate these projects, well design and build them. 

Mr. Dykstra gives excellent description the type engineer whose 
services will required coming years when states, 


“Tn modern technological civilization there great need for the technicians 

engineers, but, master this mechanical civilization, technical men 
must aware the implications modern life and they must feel home 
changing world. structural engineer should know more than how 
build bridge. should able state whether bridge necessary, 
what will happen built, and, perhaps, able suggest alternate 
solution for what traditionally thought bridge problem.” 


During the fall 1946, the writer encountered from which the 
following excerpts are quoted: 


“Because the engineering schools have always made their chief aim 
impart the technical information needed industrial production, and be- 
cause both scientific knowledge and industrial practice have grown 
rapidly, the attention technical schools has been focused chiefly upon 
keeping date science and practice. The university emphasis 
research natural science has also tended magnify the importance 
technique and minimize the importance personality There- 
for seems necessary consider the question whether this emphasis 
technique producing new and higher type engineer, whether the 
engineering profession still stakes its faith the fundamental thesis that 
personal character is, after all, the real foundation for achievement 

being made towards the conception that there really but 
one profession engineering, spite its apparent division into the several 
well known branches. War conditions have not only hastened public rec- 
ognition the engineer expert applied science and fostered soli- 
darity the profession, they have also opened him new fields activity 


“Hence there has arisen pressing demand for men who can deal with 
labor and with business administration the engineering spirit 
“These new opportunities for the engineer have been gradually develop- 
ing for number years, but the profession whole has been slow dis- 
cern them. The war has focused attention them and precipitated 
general recognition them. evident that the mastery these new 
activities depends greater measure than does mastery the traditional 
types engineering the personality the man Therefor 
engineering expands into new fields now opening before it, the conception 
that character, judgment, efficiency, and the understanding men are 
less necessary than technical knowledge and skill will become more and more 
impelling, and will become more and more essential that schools engi- 
pay greater attention the effect their work the personal de- 
velopment students *.” 


Engineering News-Record, October 24, 1918, 742. 
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“The net result that curricula and methods instruction that were 
devised supply the intellectual element production imparting 
knowledge natural science must reorganized meet the new industrial 
demand for engineering administrators and the larger professional demand 
for men strong personality *.” 


should noted that these excerpts appeared article published 
October, 1918, and are quotations from the report the three-year study 
engineering education made Charles Mann, under the joint auspices 
the Carnegie Foundation for the Advancement Teaching and the Joint 
Committee Engineering Education the national engineering societies. 

The writer feels that Mr. Mann’s statements, made less than month prior 
Armistice Day World War are even more pertinent today. 
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DISCUSSIONS 


MOMENT-STIFFNESS RELATIONS 
CONTINUOUS FRAMES WITH 
PRISMATIC MEMBERS 


Discussion 


GEORGE DELL 


inference, the moment-stiffness relations were not intended provide new 
method analysis. They are but means calculating changes the mo- 
ments the design progressively modified and, therefore, are merely 
auxiliary tool for use connection with the moments obtained one the 
standard methods analysis. describing the use moment-stiffness rela- 
tions, the writer, far from trying eclipse the Hardy offering 
better one, recommended and used the Cross method exclusively the 
calculation the relations. method cannot possibly 
for the Cross method when relies that method 
for its results. 

The use moment-stiffness relations places restrictions the designer’s 
choice methods for analyzing the structure for designing the members, but 
does offer means calculating the moment changes with rapidity and with 
degree accuracy such that the resulting design unlikely contain errors 
any consequence. 

One the advantages using moment-stiffness relations, not previously 
mentioned, that not necessary calculate the revised moments all 
parts the structure for given arrangement loads, but only points where 
the moments control the design members. Another important advantage 
worthy re-emphasis that, redesigning given member, the effects 
change stiffness are immediately apparent from the moment- 
stiffness relation, and one thus able anticipate and obviate the danger that 
after the member revised will more seriously stressed than before. 


paper George Dell was published May, 1946, Proceedings. Discussion this 


has appeared Proceedings, follows: October, 1946, Oesterblom, and April, 1947, William 
ell 
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The true moment change that occurs result revisions the stiffnesses 
any all the members can expressed the form Taylor series. The 
writer doubts whether such expression what Mr. Oesterblom had mind 
stating that doubtful any one will ever able give definite 
mathematical expression the accumulation moments along their devious 
paths approach more likely that was referring the prob- 
lem determining the maximum positive and negative moments structure, 
such the three-story building described him. Inasmuch the paper 
(except for Appendix was not concerned primarily with methods analysis, 
the introduction this problem beyond the scope the paper. However, 
seems evident that separate analyses are made détermine the moments 
throughout the structure, result loads applied one member time, 
the signs will indicate which members should loaded order that the maxi- 
mum moment may obtained given point. more difficult and equally 
pertinent problem that finding the particular combination axial forces 
and moments that will produce the greatest stresses the columns. 

Mr. Oesterblom’s difficulty following the derivation Eq. may 
clarified reviewing the statement (in the paragraph containing Eq. that 
linear function the elastic deformations, which, turn, are functions 
the stiffnesses the various members. The moments can determined 
uniquely system linearly independent equations, 
regardless the values the stiffnesses, and hence the moment changes may 
legitimately represented Taylor series provided the series 
converges. Furthermore, since the independent variables (the K-values) occur 
linearly the slope-deflection equations, entirely proper apply the 
principle superposition the determination the first-order moment 
changes, resulting from series successive changes stiffness the same 
member, different members. addition, since the slope-deflection equa- 
tions are linear, the moment changes second, and higher, orders may similarly 
obtained superposition; that is, the terms higher order may found 
applying, the basic structure, certain fixed-end moments obtained 
solving for the terms the preceding order. Thus, Eq. can rewritten 


follows: 


Eq. expresses the fact that the first-order moment changes are found 
solving for the balancing moments, 5M’, resulting from the fixed-end moments, 
can that the second-order changes are given by: 


expresses the fact that the second-order moment changes may 
found using the quantities 6M’ fixed-end moments. 
not appear feasible establish general criterion for the convergence 
the series, and even such proof were available, necessary that the 
Effects Errors Variations the Arbitrary Constants Simultaneous Equations,” 


Dell, Bulletin No. 309, Univ. Illinois Eng. Experiment Station, Urbana, Dec. 1938, Sections 
and 18, and Appendix 

the Design Statically Indeterminate Structures,” Dell, thesis presented 
the University Illinois Urbana, May, 1943, partial fulfilment the requirements for the 
degree Doctor Philosophy. 
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series converge rapidly order that the moment change, given Eq. 
reasonably accurate. For the purpose indicating the rate convergence 
the series for particular structure, the writer has computed the changes 
the controlling moments Example and including the third-order 
increments, shown Table should noted, comparing these 
results with those the final analysis given originally, that there 
small uncertainty the third 

fourth significant figure TABLE CHANGES 

rule inaccuracies, differences 

stiffnesses. term term term 

vantage the stiffness elements 
the entire frame?” has been 
shown that the process determining the moment changes Eq. equiva- 
lent performing analysis the basic structure determine the moments 
resulting from the use the (M’ fixed-end moments. From 
this follows that all joints the structure are balanced; addition, all 
sidesway conditions are satisfied, that, theoretically, all the moments are 
solved, although, previously stated, necessary compute only the ones 
that control the design given members. 

The next moment corrections applied all points 
the section adjustment few indicate that Mr. Oester- 
blom has mind method finding the changes all the end moments due 
single stiffness change, rather than method finding the change 
particular moment because changes all the stiffnesses. The writer has 


treated such method consists applying the basic structure 


the M’-moments the member whose stiffness changed, and finding the 
resulting moments throughout the structure. The latter values give the coeffi- 
cients the partial moment changes the moment-stiffness relation. 

Time and space not permit detailed description the method this 
closure; however, does not involve the use m-moments, the procedure 
might advantageous the design the three-span, seven-story structure 
which Mr. Oesterblom mentions connection with the question, the 
author write the moment-stiffness relations for all points such frame?” 
further reply the latter question, should noted: First, that there 
seldom any need for the moment change more than one point particular 
member; and, second, that Eq. being perfectly general, will enable one 
the moment-stiffness relation for any the end moments the required 
moments, resulting from unit couples and unit horizontal forces, are known for 
the basic structure. Furthermore, moment-stiffness relations are required 
for some intermediate point the span, they may obtained suitable 
combination the moment-stiffness relations for the ends the member. 
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regrettable that Mr. Oesterblom finds Eq. complex, but not 
possible formulate general statement the first-order moment changes 
without including all the factors involved. matter fact, the complexity 
function, not the equation, but the structure itself. Doubtless, 
extensive structure, the magnitudes great many the m-moments would 
small permit their omission from particular moment-stiffness 
relation. 

There probably advantage using moment-stiffness relations the 
design continuous beams; the principal field for their application frames 
which the columns are subjected considerable moments and, consequently, 
where sidesway plays important part. Therefore, the procedures recom- 
mended Mr. Oesterblom being superior (the application one cycle 
moment distribution, the use the equation three moments) would 
extremely inappropriate and inaccurate. Example the final moments 
(Table Col. 14), foot-kips, given one cycle distribution are 
The errors are 5.7%, 0.9%, 11.4%, 74%, and 78%, respectively. applying 
three cycles distribution, which would closely equivalent using the 
equation three moments, the corresponding moments are 821, 794, 231, 57, 
and 31, with errors 0.2%, 25%, 67%, and 72%, respectively. 

true that cases where only minor revisions are involved the design 
frame there need for moment-stiffness relations; however, not 
always possible foretell whether particular problem will involve difficul- 
ties. Where difficult situations occur, moment-stiffness relations will 
advantageous. 

Mr. Conwell notes that the frame Example given end moment may 
appreciably influenced change stiffness remote member. This 
tendency would doubtless diminish proportion the number spans and 
stories, that terms with very small m-moments could omitted from the 
moment-stiffness relations. also calls attention the value the check 
afforded the sum the coefficients. this connection, desirable that 
proof given the statement that the sum the coefficients complete 
moment-stiffness relation should equal zero. making all the stiffness- 
change ratios equal constant value, one obtains from Eq. 


For equilibrium, any point, and, for each sidesway 
follows: 


taking note Eq. seen that Eq. 27b thus reduces to: 
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The investigation reported Mr. Conwell Table dealing with com- 
parison designing successive revisions and direct analyses and use 
relations, constitutes sincere and unprejudiced trial, for 
which the duly appreciative. tends confirm the writer’s view 
that, final check analysis necessary, very considerable length time 
required for frame analysis, whether moment-stiffness relations are used not. 
the final check analysis omitted, the use moment-stiffness relations 
should result material saving time. the writer’s opinion that mo- 
ments obtained means moment-stiffness relations will seldom error 
more than 5%. the average, half the errors would the unsafe side 
and half, the side safety. 

the case column, whose required area depends the direct stress 
well the moment, the resulting percentage error cross section would 
only part the error the moment. using rolled sections, excess area 
usually provided; whereas, concrete structures the sizes the members are 
such that there may considerable error involved the usual practice using 
the moment inertia member all the way the intersection center lines. 
view these, and other, considerations would appear that the omission 


the final check analysis would have serious consequences. this connec- 


tion, may not irrelevant refer the common practice basing the 
design members truss the primary stresses, although secondary 
stresses considerable magnitude are generally present, which are always 
additive the effects direct stress. 
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SPACE RESECTION PROBLEMS 
PHOTOGRAMMETRY 


Discussion 


UNDERWOOD 


ASCE.—Since the paper was written with the 

dea that might interest theoretically and with the hope that might 
some practical value, was expected that the methods outlined would 
compared with other methods, has been done the interesting discussions. 
Professor Church’s method has been used considerable extent practice. 


result, routine procedures have been established facilitate calculations. 
possible that the writer’s method could simplified more careful 
arrangement the work and certain approximations the calculations. 

stated the paper, the calculations and the final results were carried out 
more decimal places than would warranted any practical application. 
With exposure interval 1/100 sec taking photograph and with plane 
speed 200 miles per hr, the camera would move some during the exposure. 
Considering this and also the errors from other sources, such lens errors and 
the precision required coordinates for mapping purposes, there would seem 
has stated, graphical solution obtain the lengths the edges the ground 
pyramid yields values within few feet. Following this, single solution 
calculation the plate pyramids should generally yield results sufficient 
accuracy for practical purposes, especially corrections are made the cosine 
multipliers. 

Mr. Anderson’s solution using scale check lines determine tilt, swing, 
and height camera station interesting. The writer has been much in- 
terested this method and its modification Jack and has published 


paper Underwood was published September, 1946, Proceedings. Discussion 
this has appeared Proceedings, follows: December, 1946, Earl Church; January, 1947, 
Ralph Anderson; and May, 1947, George Dell. 


Prof. Surveying, School Civ. Eng., Cornell Univ., Ithaca, 
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this subject, which leads fairly exact solution even under such 
adverse conditions high relief and considerable tilt. believed that this 
method may still further extended give quite accurate solutions for space 
coordinates exposure stations. 

his discussion Mr. Anderson raises questions relative determining tilt 
when the exposure station coordinates are known, stating that the writer’s 
method adjustment not clear him. attempt clarify this point 
requires considerable explanation. 

should considered that the position circles involved the solution are 
the surface sphere. Since the graphical solution must made 
plane surface, necessary apply some form projection. this case 
projection was used, with the center the projection the prin- 
cipal point and with points this projection located distances propor- 
tion their arc distances the sphere and directions corresponding those 
the sphere from the point tangency This procedure necessarily in- 
troduces some distortion, which has not been investigated, but which believed 
small its effect the use made the projection. 

the sphere known that the distances from (the point where the 
vertical from the exposure station cuts the sphere) and are equal 
Ma, and respectively. the projection this condition would true 
toa high degree approximation the tilt small, since these distances would 
measured nearly radially from 

When the plotting the projection done large scale (as Fig. 12), 
the radii the “‘position become large that would impractical 
draw them with centers and beam compass. Thus, equal 31° 
04’ 1,864 min arc. the scale the original drawing for Fig. 
min), the radius the circle would about in.—that is, line no, 
drawn scale, would more than long. known that the center 
min. Thus, the relatively short distance 19.0 min scale from 
the line ob, the point where the position circle with center would cut that 
line. Consequently the perpendicular nn’ the tangent this circle 
Similarly, perpendiculars kk’ and pp’ are tangents. Compared with the radii 
the position circles, these tangents are short and approximate their respec- 
tive circles. They should not meet point but the “triangle 
formed with their points intersection vertices should small and should 
aid closely approximating, explained the paper, the point where the 
circles would intersect, point Computed offsets from the tangents give 
even closer approximation the point sought. Thus, the tangents, giving 
what was termed first error” and then triangle the tan- 
gents,” should not meet point theoretically, whereas the position circles 
should: (1) Meet drawn the sphere; and (2) fail meet only small 
amount (which has not been evaluated but which for small tilts should certainly 
small) drawn the projection. The position each one these three 


Determination Tilt from Scale Check Underwood, Photogrammetric Engi- 


neering, March, 1947, pp. 143-155. 
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circles the the point sought can found closely use the off- 


sets from the tangents shown the paper, thus obtaining close approxi- 
mation the vertical point. 


Corrrections for Transactions: September, 1946, Proceedings, page 940, 
line 27, after the word insert tilt page 948, line 25, change 


and page 961, change line read ‘“Thus, previously stated, the tilt found 
this more exact method 
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DISCUSSIONS 


RELIEF WELLS FOR DAMS AND LEVEES 


Discussion 


KENNETH LANE 


Assoc. ASCE.—The authors have presented 
worthwhile and timely assembly theoretical considerations and experimental 
data which form the basis design relief wells. Such wells are among the 
most flexible the various types drains used relieve seepage pressure 
tapping pervious foundation strata, accordance with the principle that con- 
trol seepage pressure rather than seepage quantity the main factor 
avoiding underseepage failures—an important principle which the authors have 
done well emphasize. rare when uncertainties not exist about 
pervious foundation, especially regard chance arrangement minor geo- 
logic layers widely different permeability, which greatly influence seepage 
behavior. Hence, generally necessary test the effect several plausible 
assumptions foundation conditions. certain cases the straightforward 
charts the paper will quickly furnish results guide judgment. several 
other common foundation cases, reference could well made formulas de- 
veloped Preston and William Jervis, Members, ASCE, and 
Reginald Jun. ASCE. These formulas give solutions for the head 
lost seepage beneath the structure, and thus indicate whether the resulting 
pressures the zone seepage emergence are likely sufficient 
cause flotation, warranting relief well other drainage treatment. 

For the condition flotation (when upward seepage pressure approaches, 
equals, downward soil weight), two effects are prone occur: (1) Emerging 

seepage concentrated boils moderate large size tending develop into 
piping which progresses underground channel toward the water source; 
(2) flow dispersed over the emergence zone upward seepage, causing 
quick condition over substantial area, which often accompanied many 


paper Middlebrooks and William Jervis was published June, 1946, Pro- 
ceedings. Discussion this paper has appeared Proceedings, follows: October, 1946, Henry 
Barksdale, Willard and Glennon Gilboy; December, 1946, Wall and Stone; 
January, 1947, John Charles, Horace Johnson, Rutledge, Roberts and Carter 
Johnson, Frank Fahlquist, and Cedergren; February, 1947, John McNown; and May, 
1947, Reginald Barron, Preston Bennett, Charles Mansur, and Johnson. 

Soils and Geology Branch, Garrison Dist., Corps Engrs., Bismarck, Dak. 


®“The Effect Blankets Seepage through Pervious Foundations,” Preston Bennett 
Transactions, Vol. 111, 1946, 215. 
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tiny small boils. stressing the fact that boils all sizes are dangerous, 
the authors give two examples, the first effect (piping), and also mention the 
second effect—a general quickening the foundation. the latter state the 
soil behaves heavy liquid and has only minor shear strength; mat 
vegetation root-bound topsoil will generally weave under foot, and seepage 
likely escape from many small boils. 

The writer recalls one instance near West Springfield, Mass., where more 
than 1,000 small boils were counted reach less than 1,000 behind 
levee, which was then subjected about two thirds the design 
tunately, the flood was short duration and seepage reduced the effective 
head building tailwater rapidly that the levee escaped failure. Sub- 
sequently, relief well system was designed meet this condition. 


Landside 


Crack appeared in 1938 flood; mostly near center line, up to 19 in. wide, 
approximately from Stations 28+65 to 39+ 65. Water visible at depth of 
slightly more than 5 ft., when river was El. 68.0; 4.7 fl. below top of 
dike. At places dike settled about 1 in. on the land side of the crack 


1936 Dike 
El. 72.7 


Riverside 


80. 
75 Water at 67.5: 6PM, on Sept 23. 1938 


Li 
Maximum Tailwater TILL, class 


Avg. k= 12 1074 cm. per sec. 


EI. 58.0: pe OS 6. Estimated grade prior to initial dike construction of such material found. May be same 
50 Stade Line Rubbish Fill. Principally cinders. class 7 TILL as 1936 dike. 
soil, coal, ashes wood and glass. Average 120: x cm. per sec. 
40 seepage emergence. Fine SAND and silty SAND classes 4, 4 to 6, and 6 (RP) and (P), gray. El. 4ity 
constructed from Fine SAND and silty SAND flasses and and (P), gray, containing wood 
20 from high seepage forces. LEGEND 
(P) Pervious ot x 10-¢cm per sec 
rs (RP) Random Pervious 1-10 
= (RM) Random Impervious 0.1-1 
SAND, class reddish colored (M) 


With such general quick condition there real danger that slides may 
develop the downstream land-side slope the water barrier embankment, 
from loss toe support, the quick condition results drastic loss shear 
strength the foundation soil adjacent the embankment toe. the slide, 
succession slides, extends back intersect the water surface, followed 
immediately overtopping, and crevasse results. 

partial example dangerous loss toe support the near failure 
Springdale Dike during the September, 1938, flood. This levee was built 
local interests along the Connecticut River near Holyoke, Mass. Its section 
homogeneous, not specially compacted, and contains shallow cutoff, 
strangely located near the land side. Fig. shows foundation conditions and 
behavior observed, except the land-side area where tailwater prevented ob- 
servations. During the flood, electric failure occurred within the pumping 


clu 
rel 


June, 
static 
sewel 

obser 
the 
tail 
inav 
parti 
towa 
levee 
wate 
foun 

Per 
Sub-s 
sti 
Fi 
a 


June, 1947 LANE RELIEF WELLS 909 


station and tailwater was built rapidly, partly from seepage, but largely 
from unintentional diversion through unclosed cross connection from 
sewer communicating with the river. explanation surface evidence 
observed, line Fig. has been drawn possible surface slide 
the land-side slope which may have been progress until accidental creation 
tailwater pond lowered the effective head, and very likely was major factor 
averting complete failure. small degree the unfortunate location 
partial cutoff the land side, instead the river side, would contribute 
toward such slide increasing seepage pressure the land-side part of-the 
levee nearly full headwater pressure—shown having occurred from the 
water level observed the center-line crack. Although the Springdale Dike 
foundation might treated with relief wells, the reconstruction design in- 


Unit Area 


Moist Soil 
Water Table 
Saturated soil 


Transient Uplift 


Pervious 
Hydrostatic Uplift 
Pressure Pressure 
Uplift 
Pressure Pressure 
(a) (b) STEADY STATE (c) TRANSIENT STATE 


cluded continuous pipe drain (extending from into the pervious 
upper layer fill), which the writer considers more positive than intermittent 
relief wells for foundations not too highly stratified, and where the most pervi- 
ous important foundation layers lie such depth that they can readily 

indicated the authors’ examples, most the present relief well in- 
stallations have been placed behind existing structures repair measures. 
From successes such usage, relief wells are now being designed increasingly 
part initial construction. aid judgment determining when pressure- 
relief treatment initially needed, interest investigate the equations 
flotation more detail than permitted Eqs. Figs. 32(a) and 
32(b) show the steady state case usually considered for investigating flotation 
top stratum which saturated, with the water table the surface. Seep- 
age flowing upward and represents the piezometric pressure uplift head 
acting the base the top stratum, estimated from computing head lost 
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seepage beneath the structure from solutions given the authors and 
For the state flotation, the total upward pressure— 


—equals the total downward pressure— 


—assuming resistance the sides the parallelepiped Fig. 
32(a). This assumption substantially correct when flotation occurs, because 
the soil then acts heavy liquid with shear strength. Accordingly: 


Flotation occurs when the buoyant soil weight equaled the uplift. 
Eqs. and the buoyant submerged soil unit weight and the 
unit weight water. When becomes equal Ah,, sufficient create 


flotation, the gradient, equals the critical gradient, 


which similar Eq. and indicates that being dependent only the soil 

density, represents property the soil its natural 

The factor safety against flotation generally expressed the ratio 
unbalanced forces acting (herein termed apparent factor safety, 

For strict correctness considered the factor safety should expressed 

ratio total forces acting (herein termed true factor safety 


not sensitive one. has definite maximum the vicinity (FS) 
and has the further disadvantage not varying directly with which re- 
lated directly total head acting. Since eliminates these disadvantages, 


Eqs. and are compared Fig. 33, which shows that the function 


the function considered the flotation factor safety usual prac- 


tice, with which the writer concurs. 
The authors suggest (in the text following Eq. that “it may that de- 
sign for safety factor 1.5 against developing the critical gradient satis- 
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factory.” the authors intend this computed (FS) 1.5, becomes 
the order 3.0 when converted Fig. 33. However, the authors 


intended this obtained from the usual equation, (FS), 1.5, 


the writer inclined feel that 
the suggested value low for 
dams, although probably reason- 
able for most levees except those 
protecting property particular 
importance value. con- 
siderable extent the choice 
numerical value for design 
objective should depend the 
severity the assumptions used 
because, the analysis flota- 
tion, factor safety often re- 
presents factor ignorance 
allow for the great influence 
seepage behavior 
widely different permeability. 
Fortunately, for decidedly strati- 


(FS) 


Gravel 


Factor Safety Against Flotation 


well than usual drain treat- 
ment because, except for drain 
Fie. 


comparable depth, the relief 
well treatment the more posi- 
tive. Once has been decided use relief wells levee design, will 
often found that the additional cost increasing safety the desired ob- 
jective moderate decrease spacing not great. 

The most difficult problem decide wells are needed. studying 
relief well applications several levees around built-up areas moderate 
property value, the writer has found the following convenient approach which 
advanced here more stimulate thought than proposal for general 
application. Two flood heights are considered—(1) design flood and (2) top- 
of-levee flood. The latter equals design flood plus freeboard. analysis 
reveals conditions that are considered moderately dangerous for the design 
flood, and decidedly for the top-of-levee flood, then pressure-relief treatment 
For less severity, consideration given taking calcu- 
lated risk initially omitting extensive treatment and providing for later 
installation needed. the authors mention, the relief well particularly 
flexible tool for such later installation. Once pressure-relief treatment 
adopted, attempt made secure definite safety for the design flood and 
least slight margin safety for the top-of-levee flood. 

Greater conservatism felt warranted the case dams, including 
consideration the possibility that partial quickening the downstream 
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foundation with attendant reduction shear strength may begin gradient 
below that computed the critical from Eq. 67. The writer inclined 


the belief that this definite possibility from occasional qualitative observa- 


tions quicksand device. several performances the soil column parted 
near the middle; the top part lifted matter several inches and remained 
suspended while seepage emerged under gradient somewhat below probable 
value Rather similar behavior also has been reported 
explore the possibility such behavior nature, consider the transient case 
shown Fig. 32(c) with tailwater rising toward the surface from initial 
position the water table below depth When tailwater rising from point 
point the top stratum will tend lift when the total upward pressure— 


—equals the total downward pressure exerted the partly saturated soil— 


—assuming that the side friction can neglected around the periphery 
Although this assumption too conservative for small area indicated 
Fig. 32(a) (since least the moist soil above the water table retains sub- 
stantial shear strength), becomes reasonable for large areas where the periph- 
eral friction small comparison with the weight, 

For the condition lifting, equating p’, from Eqs. 70a and and 
rearranging terms: 


uplift soil soil transient uplift 

Final uplift net downward pressure 


Defining the lifting gradient the time that lifting the partly moist 
top stratum begins: 
Ahem Ym 
Let 
B Ym S (Yaat Ya) + Ya 


which denotes percentage saturation. 
from Eq. and from Eq. 67: 


Making necessary substitutions 


Expressing the apparent factor safety against lifting, the ratio 
net downward pressure final uplift (see Eq. 71) and using the same sub- 


Lazarus White and Edmond Prentis, Columbia Univ. Press, New York, 
, Lo. 
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stitutions Eq. 72c: 


which for the final condition when the water table has reached the 


expression can also derived for true factor safety against lifting 
which (omitting the algebra) results in: 


Eqs. and are similar form Eqs. and 69; and, using for 
then are solved easily from the curves Fig. 33. 

Eq. 72c shows that varies directly with for given soil and 


less than for less than 

constant, varies directly with 

and minimum for dry soil. 

Fig. shows this characteristic for 0.5 1.0 


typical loose sand (i, 1.00) Ratio 

nearly one half for dry soil and 

Fig. shows the effect changes density with constant satura- 
tion, drawn for common specific gravity 2.65 and saturation 70%. 
The computation the lifting 
gradient, appreciably 
less than believed ex- 


plain the parting and lifting 
the quicksand device, which was 
generally observed the first 
beginning upward flow when 
the soil was dry moist. After 
seepage emerged for some time 
and was then shut off, successive 
resumptions upward seepage 


did not again cause lifting, pre- 
sumably the soil was then 
saturated and equaled for 
34. The quicksand device used 

urement actual gradients; 

verification Eq. 72d yet qualitative rather than quantitative. 
nature, the case moist soil with rising water table transient state. 
Since piping not likely start working backward from the seepage outlet 


q * 
4 
7 
| 
7 
7 


914 LANE RELIEF WELLS Discussions 


until the steady state has been attained and has established that outlet, most 
flotation problems should analyzed for the gradient the steady state. 
However, few cases are visualized where analysis the basis the lower 
gradient may considerable importance. Consider top stratum 
clay, tight and impervious, underlain material such greater permeability 
that the seepage from can accumulate rapidly fill such gaps might 
formed lifting the top stratum. With the common case sheet pile 
cofferdam, braced the top and toed into above top stratum, easy 
visualize loss toe support lifting the top stratum sufficiently for failure 
rotation around the top brace. Another example that dam high 
levee, with such critical condition downstream slope stability that even 
small loss toe support would undesirable. Pending the assembly 
quantitative data the possible reduction shear strength gradients below 
the writer has attempted allow for this considering the point 
where reduction starts. For one important dam analyzed, the result was 
the inclusion few relief wells relieve seepage pressure pervious stra- 
tum buried about 130 deep under soft varved silt order insure against 
any reduction strength the already weak silt foundation. 
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RIGID-FRAME STRUCTURES SUBJECT 
NONUNIFORM THERMAL ACTION 


Discussion 
WILLIAM CONWELL 


ASCE.—In analyzing rigid frames subject 
thermal action, the author has fully demonstrated the severity the stresses 
involved. unfortunate, however, that the demonstration largely 
qualitative one rather than quantitative one. With few exceptions, stated 
the paragraphs following Eq. the stresses are the limit within 
which the equations this paper The stresses encountered are be- 
yond the elastic range, but the methods analysis are based elastic behavior 
and real solution lies only drastic revision the type structure. 

The author’s method computing deformations due thermal action, 
demonstrated Fig. and the subsequent detailed applications frames, 
unique that sets aside the usual approximations made small-angle 
geometry and treats the problem precise surveying layout. This action 
has the author out the usually accepted method slide-rule compu- 
tation and has led him the statement (in Section that ‘‘Displacements 
must computed logarithms, whereas the slide rule offers abundant ac- 
curacy for all other numerical With view determining whether 
the comparatively large deflections involved this study required such means 
computation, the writer computed the deflections slide rule the 
usual manner, shown Table The comparison with the author’s results 
(shown Col. Table would seem indicate that properly read slide-rule 
computations can expected give reasonably accurate results. 

Although often desirable and sometimes necessary know the 
tions frame under various hypothetical conditions cutting, support, etc., 
believed that the importance such deflections has been emphasized 
unduly paper. The designer first interested bending moments, 
shear and axial forces, and then stresses. these can obtained without 
consideration hypothetical deflection conditions usually happy obtain 


thi paper Carl Tommerup was published June, Proceedings. Discussion 


1947, Miller; and March, 1947, Charles Boynton. 


Gen. Engr., Structural Eng. and Design Dept., Duquesne Light Co., Pittsburgh, Pa. 
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them that manner. Having obtained these elements design may later 
elect, required, compute the actual deflections, and these furnish real 
information the ultimate action the structure. 


TABLE 3.—Comparison FOR DEFLECTIONS, SLIDE 
Rute Versus LoGARITHMS, THE FRAME 


Inch Inch 
nches nches nches Slide Loga- 
radians radians radians Tule rithms 
(2) (3) (4) (6) (7) (8) 
0.00316 0.2528 0.000158 
0.01264 1.518 
2.655 
0.0316 X80 2.528 
3.034 
0.000158 X80 0.000158 X120 0.000158 X80 0.0442 


Section furnishes example the emphasis deflections. the sixth 
paragraph Section prior the application the elastic energy equations, 
in. 0.00316 in. the author logically concludes, without reference de- 

flections, that “Any point the frame affected only 

moment that uniform magnitude all around.” 

this point the entire problem may solved 

considering the element the frame shown 
Fig. 26. Under thermal action this element tends 
assume wedge shape with its inside fiber 0.0000079 
400 0.00316 in. longer than the unheated out- 

side fiber. The bending moment induced this ten- 
dency sufficient maintain the faces the element 
parallel, and equal that necessary turn the face 
the element through angle 0.00316 1/20 0.000158. Such bend- 
ing moment quickly determined substituting known quantities the 


there justification for elaborate computation thermal deforma- 
tions, such nicety should extended other phases the 
perience shows that the best results the solution statically 
structures are obtained when the same basis used for each part the compu- 
tations. For instance, the use precise methods certain steps calcula- 
tion, and not others, does not necessarily improve the ultimate result over 
balanced calculation, lower level accuracy, which the same factors 
have been disregarded throughout. The author uses precise methods 
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lation for thermal deformations; but uses them connection with the less 
accurate equations elastic energy, the derivation which disregards all 


quantities resulting from the multiplication two more differentials. 
this lack balance which contributes the discrepancy between the bending 
moments 4,500,000 and 4,600,000 in.-lb Section rather than 
slight approximations made computing displacements,” the reason assigned 
the author. support this contention the writer’s calculation the 
preceding paragraph which checks that made the author the basis 
angular rotation. further corroboration this point view the fact 
that, the writer’s value for (taken from Col. Table 2.655 
5.310 in.) substituted with other known quantities Eq. value 
4,500,000 consistent with other balanced calculations, obtained for 
not claimed that these checks, which are the product consistency, 
indicate more accurate value but they certainly enhance the confidence 
the designer his calculations. more accurate value may obtained 
only conducting completely balanced calculation higher plane, not 
improving only one step the process. 

Section the author states: ‘‘Because the greater ease, member lengths, 
are taken along their inside surfaces.” difficulty attached the 
use inside surfaces basis for calculating thermal deformations except 
the fact that the comparatively small effect the corners thus neglected. 
Some allowance for corners could have been made taking member lengths 
along plane midway between their outside and inside surfaces, although this 
itself matter small moment. Since the bending moment the frame 
Section dependent only angular deformations the frame and not 
change length the members, the place measurement member lengths 
immaterial. The same, however, may not stated the structures studied 
Section and Section 

examination Fig. reveals that not only have the lengths the 
members been taken along their inside faces, but the neutral planes have like- 
wise been taken that position. The neutral plane member actually 
some in. from the line action assumed about midway 
between the inner and outer surfaces the member. This not bad as- 
sumption. The bending moment actually developed member because 
36,300 would 36,300 3,267,000 in.-lb. Although speci- 
fications would permit the use face-of-support bending moment 2,900,000 
in-lb the design member BC, they would normally require the higher 
value for member CD; but, more deeply, has been determined the 
basis bending moment 2,900,000 member and its value would 
change were the moment other than this value. There thus some question 
the conformance the frame analyzed the author and that which 
was intended investigate. The properties of, and the conditions affecting, 
the frame analyzed the author are, upon study and inspection, follows: 

Tie member treated substantially required the actual design 

data; 


Members and have lengths each and have their neutral 
planes initially distance 120 in. from each other; 
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Member has length 120 in. and has its neutral plane in. from 
the line action member BE; 

Members BC, CD, and are subject the angular deformation re- 
sulting from temperature differential 400° between their outside 
and inside faces; and 

Members BC, CD, and are subject linear expansion resulting from 

uniform temperature increase full 400° throughout their length. 


There some question whether this frame sufficiently conforms the 
one being investigated. the latter, members and have effective 
lengths about in. and member CD, length about The linear 
expansion which each these members subject that resulting from 
average increase temperature only 200° throughout its length. 

similar situation obtains regards the frame Section study 
reveals the following with respect the frame analyzed the author: 


(1) Members and have lengths 557 in. each and have their 
neutral planes initially distance 340 in. from each other; 

(2) Members and have lengths 340 in. each and have their 
neutral planes initially distance 557 in. from each other; 

(3) Members and have lengths 340 in. each and have their 
neutral planes initially distance in. from each other; 

(4) Members AF, GM, AG, and are subject the angular deformations 
resulting from temperature differential 400° between their inside 
and outside faces; and 

(5) All members, not only and EL, are subject linear expansion 

resulting from uniform temperature increase full 400° through- 

out their length. 


Again there question whether this frame meets the design conditions 
outlined Fig. 13; particularly with regard the fact that spans and 
are the only members the given frame that undergo the full 400° rise 
temperature, whereas all other members are subjected average increase 
only 200°. That this condition fact further borne out Fig. 
which member shown elongating amount about equal that EL. 

With view checking the statement the foregoing paragraph (and, 
incidentally, demonstrating how well the method moment distribution lends 
itself these problems) solution was developed for frame having the fore- 
going characteristics and represented the frame actually solved the 
Section This solution shown Fig. 27. The fixed-end ior 
each member were determined the method outlined the writer Fig. 
and the fourth paragraph this discussion. Moments were distributed the 
usual manner. The values are seen differ somewhat from those the 
author but this difference again the result the unbalance elaborate 
deformation calculations used conjunction with the ordinary equations 
elastic energy. means further checking this point, the writer, the 
point and point obtaining 3.19 in., 5.04 in., and 0.08375 radians, 
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spectively. Substitution these values Eqs. 16, 18, and 20, and simul- 
taneous solution, yielded the following data which check those obtained 
moment distribution: Mp, 4,595,000 in.-lb; Mz, 4,645,000 in.-lb; and 
2,836,000 in.-lb. methods similar those used the treatment side- 
sway, any difference linear expansion between exterior and interior members 


June, 1947 CONWELL THERMAL ACTION 919 


this frame may also easily handled moment distribution. 
in. 229.5 in. Center Line 
-4210 +4210 -4210 
K=225 620 K=96 
ir 7 - 400 - 170 + 150 
-4580 +4640 2830 
1S 
the solution reinforced-concrete structures subject elastic deforma- 
n 


only, not important that the absolute moment inertia the section 
each member determined. usually sufficient establish relative 
7 


values with respect some base, the most important item being that the 
procedure used determining the moment inertia each member. 
example such procedure the often-used assumption that each member 
adequately reinforced, and, accordingly, that the moments inertia are pro- 
portional the cubes the depths the members. 
When other than elastic deformations are involved, the present study, 
determination the absolute moment inertia for the purpose computing 
deflections essential. This paper uses the same moment inertia for calcu- 
lating deformations for determining stresses, procedure which open 
delineating the differences action between reinforced con- 
and homogeneous beams but arriving the conclusion that would 
employ the same methods for calculating deflections, Tur- 
Hon. ASCE, and Maurer specify the following procedure 
bring calculated within the range observed test 


“For the reasons stated above, the deflection formulas for homogeneous 
beams will used for reinforced-concrete beams, but modified accordance 
with the following assumptions: 

That the representative mean section has depth equal the 
distance from the top the beam the center the steel; 


Wil Reinforced Concrete Construction,” Turneaure and Maurer, John 
Sons, Inc., New York, Y., Ed., 1919, Chapter VI. 
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That sustains tension well compression, both following the 
linear law; 


That the proper mean modulus elasticity the concrete equals 
the average secant modulus the working compressive 
stress; and 


That the allowance for steel computing the moment inertia 
the mean section should based the amount steel the 


Application the foregoing assumptions the frames this paper would 
influence the results considerably. For example, the moment inertia the 
section the frame Section would based the section shown Fig. 
Its value would 26,200 and the corresponding bending moment would 
8,250,000 in.-lb compared with 
4,500,000 in.-lb previously computed. 
physical terms, will take much more 
than 4,500,000 in.-lb restore the de- 
formed frame Fig. and reduce 
point zero because this frame 
much stiffer than the net moment 
Fre. Frame its section would indicate. 
Use the gross area the section 
for computation the axial elastic de- 
formations employed this paper scarcely consistent with the use 
net moment inertia but would fit well into the use the total section out- 
lined Messrs. Turneaure and Maurer. (The upper in. concrete 
Fig. considered effective both tension and compression, the computa- 
tion deflections.) 

notation, and are defined horizontal and vertical ordinate 
distances, while actually all values and lie horizontal plane. The 
symbol defined the moment unit force, whereas throughout the 
paper used the bending moment caused the various auxiliary forces 
and moments. Letter symbols and are not defined, although investigation 
their use usually discovers their meaning. suggested that some definite 
and compact form notation adopted for the undefined quantity 
which has not the same value for each member frame although seems 
have, appears the various equations and formulas, devoid subscripts 
other means identification. 

paragraph Section the statement that the members 
simple closed frame, any shape, are subjected nonuniform temperature 
change through their ‘depth’ they undergo deformation” should 
modified the words ‘‘except axial elongation.” 

The author states Eq. four terms, only two which contain the quan- 
tity T’. then follows with the statement that auxiliary force 
might have been assumed unity the outset since cancels 
not clear how can canceled from equation when appears only two 
the four terms. Since the value the auxiliary force the choice the 
computer there reason why should not have originally been taken 
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unity. any event should have been assumed unity disposed 
cancellation before had opportunity appear Eq. 14, which satisfied 

Another observation which may made Eq. the smallness the 
terms expressing axial deformations compared with that concerned with 
angular deformations. Although the author normally disregards axial defor- 
mations, has made particular point including them this problem 
stating that slender tie rod, stored-up elastic energy both axial forces 
and moments must included the elastic energy equation *.” With 
view ascertaining this necessity the writer solved the frame moment 
distribution shown Fig. 29, disregarding all axial deformation including 
that the tie rod. The results are not far from the author’s results. 


study this paper would have been made more facile inclusion 
such basic data the location reinforcing rods, the positions which had 
ascertained each instance working back from dimensions which the 
author substituted formulas; including statement that the values 
and given Table are per-foot height wall (or that the walls are only 
high); and avoidance generalities the statement problems such 
that the first paragraph Section cross section through the exterior 
walls substantially shown Fig. 

The computations Section would have been much simplified making 
use both axes symmetry, taking the midpoint member base, 
cutting the frame point and the midpoint member FM, and 
confining all treatment the upper right-hand quadrant. 

Much the “Summary” devoted discussion construction details 
which were not previously treated and which, accordingly, could well have 
been placed section their own. 


Center Line 
+4500 -4500 
-2250 
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Corrections for Transactions: June, 1946, Proceedings, page 769, 
change line read elastic curve illustrated Fig. 11(d) com- 
piled from Fig. Fig. 10(a), should “80 page 770, 
line computation opposite section change Fig. 15, 
the y-component distance between and shown should 
changed and, Fig. the hatching the two p-areas should 
completed. Other corrections were published November, 1946. Pro- 
ceedings, page 1324. 
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James Warp,” Jun. ASCE.—To those concerned with the investiga- 
tion, preparation, and treatment foundations, the experiences set forth this 


Symposium are invaluable. 


ince dams are built serve variety purposes, 


longer practicable possible locate the sites only areas where good 
often necessary locate these structures where 
they will best serve the purpose for which they were intended, and improvise 
methods and procedures meet the foundation conditions they are. Such 
was the case the selection the Fort Loudoun Dam and Douglas Dam sites, 
the cleaning and foundation grouting which are ably presented Mr. 
Pauls and Mr. Taylor. Moreover, the authors this Symposium have demon- 
strated the utility adequate geologic information the planning and again 


foundations are available. 


the construction dams 


appreciate the magnitude exploration and foundation treatment re- 
for the successful completion the Fort Loudoun Dam, one has merely 
examine the drilling, mining, and grouting quantities. The fact that more 
than 800,000 lin drilling (including 584,000 lin diamond core drilling, 
16,000 lin large-diameter calyx drilling, about 10,000 concrete 
backfill cavities and mined-out seams, and approximately 2,000,000 
cement and cement-admixture grouting) was necessary, testifies the enormity 
the undertaking. Seldom, ever, have the ingenuity and combined efforts 
engineers, geologists, and construction specialists been challenged. 


Symposium was published December, 1946, Proceedings. Discussion this paper 
appeared Proceedings, follows: March, 1947, Berlen Moneymaker, and Blee; and May, 


1947, Robert Laurence. 


Dist. Geologist, Soils and Geol 
eologist, Fort Loudoun Dam, TVA, 


Section, Engineer Office, Mobile, Ala.; formerly Resident 


noir City, Tenn. 
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Undoubtedly, the most striking feature the Fort Loudoun foundation 
the fact that subwater table cavities and weaknesses were explored and treated 
what are thought unprecedented depths, below any previous water table 
level. The method which this was accomplished was well covered the 
Symposium. The formation such deep-lying cavities has been the subject 
much discussion. Observations made almost daily during the construction 
Fort Loudoun Dam support the explanation postulated Mr. Pauls’ paper. 
may emphasized that the clogging damming subterranean chan- 


nels the insoluble residue from the solution the impure carbonate rock 


appears play important role the formation and rerouting cavities and 
channels deeper levels solution continues. This may well explain the 
scarcity cavities great depths the purer more soluble carbonate rocks, 


such those encountered Douglas Dam. Moreover, the statement that 
the formation cavities may more dependent structural deformation 


than the relative solubility the rock also deserves emphasis. 
considerable interest and importance those engaged the selection 
and investigation dam and quarry sites limestone and related rock for- 


mations the condition encountered the north abutment ridge. What ap- 


peared steep and apparently sound linestone bluff developed into nothing 
more than false front with extensive weathering and solution just behind it, 
causing series deep troughs separated intervening pinnacles. This 
condition may found where steep bluffs have been formed encroaching 
meanders and may due the fact that overburden not able form ona 
steep bluff that has been being cut back undercut and, hence, rain and 
surface water drain away immediately. the case ridges behind bluffs, 
possible for the overburden aecumulate, forming catchment for the rain 
water. The water, turn, seeps downward to, and finds access along, joints 
other areas structural weakness the rock. The ground water thus re- 
charged manner that permits continuous solution. the exploration and 
treatment formation this nature, horizontal and low-angle core drill holes 
may used most advantageously. 

was apparent the outset foundation exploration that detailed and 
reliable geologic information, properly portrayed and prepared well advance 
construction, was mandatory for the effective and economical preparation 
and treatment this highly defective dam foundation. Thus, staff 
ogists consisting resident geologist, with from two three assistants (an 
organization larger than usually required project this nature), 
residence during most the construction period; but, re-emphasize the 
magnitude the geologic and foundation work involved—at the peak 
struction many sixteen diamond core drills and six calyx shot drills were 
continuous operation—three shifts, seven days each week. During the 
course the project several hundred geologic drawings, including sections, 
sketches, plans, and models were prepared which portrayed the foundation 
dition and aided the determination the required excavation, well the 
type and probable extent foundation treatment. The exploratory drill 
tern was such that geologic sections could prepared not only along 
parallel and normal the axis the dam structures, but also, interpolation, 
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along any other direction desired. With myriad such sections, they were 
difficult use unless they were studied their relationship with one another. 
For this reason, what are thought novel methods displaying subsurface 
conditions were devised. After considering peg, glass, and cardboard models, 
was evident that some type transparent sectional model would best 
suited for the visualization interpretation between the various related sec- 
tions. Hence, after experimentation, was found that transparent model 
could constructed most economically using rigid celluloid film positives, 
developed from photographic negatives the geologic sections. These film 
positives were assembled upright position rectangular wood base, 
which outline the particular dam structure had been The 
transparent sections were properly oriented dovetailing, and were correctly 
arranged on, and attached to, the wood base fastening them through metal 
eyelets piano wire that was suspended along the top and bottom four up- 
right steel rods securely anchored each corner the rectangular base. The 
completed model enabled glance the visualization the foundation con- 
ditions accurate three-dimensional manner. 

Another type model used advantage may best described hollow, 
sectional model plywood construction. consists simply mounting 
front and reverse print geologic section the front and back piece 
thin plywood similar dimensions, and arranging series related sections 
mounted wooden base correspond with their location each other 
and the dam structure being represented. The sections are arranged and 
held securely the base upright position the slit grooves provided 
the sides 3-in. upright board wall built around the base. Both longitu- 
dinal and transverse sections were dovetailed together the manner the 
transparent model described herein; and the sections were cut with band saw 
along the line the proposed excavation indicated thereon, thus enabling one, 
simply removing the upper part section, study the foundation con- 
ditions that existed before, and those that would exist after, excavation. This 
model was invaluable both the planning for the removal maximum the 
required excavation with mechanical equipment and the determination 
the method and probable extent foundation treatment required. 

That the difficult foundation conditions Fort Loudoun were successfully 
overcome attested the fact that seepage through the foundation full 
reservoir inconsequential. Thus, indeed gratifying that the contribu- 
tions the geologists this project have been generously acknowledged 
Mr. Pauls’ paper. Assisting the writer intervals during the construction 
this project were the following geologists: Earl Van Horn, William 
Conn, Coy Watson, and Chilton Prouty. 


ASCE.—In considering Mr. Taylor’s able paper 
the extensive cleaning and grouting operations required Douglas Dam, 
may interest connect with the study the original, preliminary 
ing records and with the selection the position the axis thedam. Early 


Asst. Eng. Dept., General Electric Realty Schenectady, Y.; formerly Project Engr., 
esign Dept., TVA, Knoxville, Tenn. 
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drilling had disclosed numerous cavities, but restrictions the authorized 
scope the preliminary program had prevented drilling sufficient intermediate 
holes determine the extent the interrelation the numerous major cavern 
areas which were encountered later. The Douglas project was suddenly au- 
thorized for immediate construction about two months after the Japanese at- 
tack Pearl Harbor, Hawaii, with the unprecedented schedule closure set 
fourteen months, provide additional power for expanding aluminum 
production. 

was essential locate the dam axis immediately and begin construc- 
tion without awaiting the results additional exploratory drilling. the 
interests speed was perhaps fortunate that the topography closely limited 
the location the axis, especially the bluff the left abutment. Brief 
study was given swinging the right end the axis slightly the west 
effort place the north abutment farther downstream from the creek just 
above This creek had cut somewhat gash into the sloping north 
bank, indicating possible area fractured rock with increased subsurface 
weathering. 

the other hand, such shift the north abutment would have resulted 
obvious disadvantages the layout the structures. was decided, there- 
fore, proceed full speed the preferred basis straight alinement right 
angles the stream bed. Subsequent drilling indicated such lack improve- 
ment the condition the rock downstream have resulted major 
reduction the cleaning and grouting operations for foundation treatment. 
However, limestone and dolomite areas especially, seems advisable em- 
phasize that preliminary drilling pattern 100-ft squares (as mentioned 
Mr. Taylor’s paper) insufficient assure any definite opinions the ex- 
pense time required for the construction major dam. was fortunate 
that the foundation conditions actually encountered did not materially delay 
the completion the project whole. However, this should credited 
the resourceful methods the construction personnel, rather than any ade- 
quate exploratory program, which had been impossible due the lack au- 
thorization for extensive investigations. 

Mr. Taylor has well described the rather wide variety methods used 
the foundation treatment for the Douglas project. interesting review 
the principal factors considered determining the specific treatment 
applied any particular part the foundation. addition the usual 
quirements, such adequacy, permanency, and cost treatment, special em- 
phasis was placed speed meet the unusually fast schedule for closure the 
dam the spring With wartime demands the aluminum 
pany’s operations and the atom bomb project near-by Oak Ridge, 
the question speed, rather than that cost, was given primary consideration. 
general, therefore, mass excavation and other mechanical methods 
selected, rather than alternatives requiring more handwork and extended 
periods time for the foundation treatment. For example, when difficult 
cavernous condition was disclosed under the north half the spillway 
redesign was determined dropping the apron grade this area. 
heavy general shovel cut, excavated elevation below the weathered rock, 
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was decided upon rather than the filling the cavities below the cap rock. 
The latter measure would have been especially slow because cofferdam leak- 
age conditions described Mr. Taylor’s paper. 

Similar need for the speed mass excavation and concreting was one the 
prime considerations deciding carry the left abutment blocks the vic- 
inity Station down the level bedding cavity which was followed 
down the dip about El. 890 (see Fig. 15). Brief consideration was given 
alternative scheme based treating and leaving place the partly frac- 
tured and somewhat weathered rock above the bedding cavity, with the load 
the foundation then reduced the adoption concrete core wall embed- 
ded rolled fill section, rather than the standard concrete gravity dam sec- 
tion. Such scheme indicated possible saving expense, but would have 
affected completion dates adversely, especially would have been necessary 
place the rolled fill winter. was again obvious, therefore, that the re- 
moval the questionable rock not only would result more conventional and 
conservative design, but would essential meet required completion dates 
since mass excavation and concreting would eliminate much tedious drilling, 
grouting, and work treating cavities, which would have de- 
layed the project. 

Mr. Taylor has stated, the heights the caves both the right and left 
abutments were increased drift mining permit better access for men and 
equipment placing the concrete plugs. This also assisted the bonding and 
keying the concrete the sound rock. was particularly required for the 
left abutment where heavy sound rock, both above and below the cave, permit- 
ted the use narrow concrete plug designed take the upstream headwater 
load shear into the roof and floor the cave. 

would interest have available even approximate estimate 
the total extra cost mass methods used the interests speed reduce 
cleaning and grouting operations. considering such problems, the large 
quantities extra excavation and concrete involved are likely appear inordi- 
nately expensive compared with the estimate usually prepared for cavern fill- 
ing, grouting, and other similar measures. the other hand, the large quan- 
tities themselves tend reduce unit cost. Also, such mass measures 
eliminate the uncertainty difficult work and questionable cavern 
grouting; and they provide conservative design with little chance for the de- 
velopment trouble from future leakage. with wartime and post- 
war shortages labor, there are obvious advantages substituting machine 
operations for handwork. probable, therefore, that little any actual 
extra expense was encountered the Douglas project, lowering mass exca- 
vation grades, compared with the expense the extra and especially diffi- 
cult foundation treatment that would have been necessary the original ten- 
tative excavation grades had been held. 

spite continuous wartime pressure keep the job schedule, re- 
gardless the foundation difficulties encountered, would appear that the 
project manager (Lee Warren, ASCE), Mr. Taylor, and others not only 
maintained conservative point view, which assured thoroughly safe foun- 
dation, but also simultaneously used wide variety resourceful methods 
the cleaning and grouting the foundations for the Douglas project. 
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Pauls for his fine exposition the treatment the foundation for the Fort 
Loudoun Dam the Tennessee River. This paper, together with previous 
papers convering other Tennessee Valley Authority (TVA) 
provides strong background for technique for handling foundation prob- 
lems, which problems few years ago would have been the cause for rejection 
otherwise highly advantageous dam sites. This great import the 
national economy, since before the rivers the United States are completely 
controlled there will increasing scarcity ideal dam sites. 

Great strides have been made the construction industry, the develop- 
ment methods and machinery for applying principles modern foundation 
treatment, but much remains done this fleld. The continued coopera- 
tion geolgists, design engineers, construction personnel, and the supervisory 
field engineers essential progress this work. 

Standard TVA practice dictated that geologic data exploratory nature 
furnished continuously the design section, and preliminary designs 
referred back the construction forces for criticism their suitability 
current construction procedure. Both final designs and construction schedules 
incorporated the suggestions and recommendations the field forces. 
certain instances the field geologists were granted the supervision construc- 
tion activities, under the general supervision the field engineers. This pro- 
cedure was facilitated the organizational setup which placed all construction 
activities pertaining grouting and foundation treatment under associate 
engineer, reporting directly the construction superintendent, and nominally 
under the technical direction the construction engineer. 

The human equation, involving the vigilance the staff geologists, the 
core drillers and core drill inspectors, and the supervisory engineering forces, 
the largest single factor the successful treatment foundation rock which 
has been weathered the degree encountered Fort Loudoun Dam. 
linear foot the cutoff curtain potential hazard. The repeated thinning 
and swelling the area decomposition, .as well the weathering along the 
bedding seams and along the intersecting planes fractures, require alert 
and constantly repeated inspection, insure the continuity the plane the 
cutoff curtain. Seams and intersecting joints the plane the curtain must 
mined out, cleaned, and washed, until “live-rock” contact, “‘concrete-to- 
the work (including both drilling and grouting) must described accurately 
and conscientiously. Each step must recorded and evaluated—including 
the logging the drill holes, the plotting drill holes show all joints and 
fractures the rock formation, and the recording, stages, all grout 
quantities. often matter relative values. When there 


Constr. Engr., Fort Dam, TVA, Lenoir City, Tenn. 


Cutoff Problems—Dams the Tennessee Valley Authority: 
ASCE, Vol. 110, 1945, 947. 


Experiences, Tennessee Valley Authority: Symposium,” ibid., Vol. 106, 1941, 
Dams: Symposium,”’ ibid., 1154. 


Core Drills Aid Construction Chickamauga Dam,” James Lewis, Jr., ibid., Vol. 105, 
Pp. 


— 


June, 


doubt, 
the 
progra 

and 
cores 
record 
rock 
otk 
situati 
and 
paper, 
tion, 
persis 


| 
areas, 
cores. 
follow 
Cons 
prog 
struc 
ing 


June, 1947 PARTRIDGE TENNESSEE VALLEY 929 


doubt, intermediate check holes should drilled. liberal drilling program 


the exploratory stages the work, will result economies the entire 


program. 

all phases the work Fort Loudoun Dam, the resident geologist and 
and the grouting superintendent had “their hands full.” The great footage 
cores from all operations meant many hours examination and 
logging. Drilling and grouting were continuous operations. was from the 
records these operations that the picture the weaknesses the foundation 
rock was built up. Actual core losses, where present, painted clear picture. 
other was only possible piece together clear view the 
situation, observing the “relative density” lines fracture (dip, strike, 
and oblique joints), revealed plotting the logs drill holes cross-section 
paper, profiles each respective range. for this method detec- 
tion, much time would have been lost and much grout wasted, because stop 
persistent leakage would have been necessary make general coverage 
area, instead proceeding first with selective coverage suspicious 
areas, revealed the multiplicity minor fractures detected the recovered 
cores. 

The drilling and grouting program Fort Loudoun Dam involved the 
following total quantities (see Table 1): 


Description Quantity 
Diamond drilling, linear feet.......... 445,839 
Wagon drilling, linear feet............ 197,226 
Calyx drilling, linear feet.............. 15,007 
Concrete, cubic 9,816 


Construction was started July, 1940, and power was delivered over the trans- 
mission lines the autumn 1943. obvious that the drilling and grouting 
program had pressed completion throughout all stages the con- 
struction work, 

The general scheme foundation treatment was formulated during the ex- 
ploratory stages the work with pattern holes 50-ft, 60-ft, and 100-ft 
centers. The detail was developed and expanded intermediate and supple- 
mentary drill holes supplied additional information. The logging all holes 
drilled required the presence large force geologists and inspectors. All 
cores were preserved until the information could plotted and coordinated, 
formations were proved, and the data and findings were checked the local 
staff and the board consultants. holes were subsequently 
augmented intermediate holes, reducing the spacing each drilling one 
half. Each set holes was grouted before redrilling and grouting, unless wash- 
ing between holes was done increase the efficacy the grouting trace 
any interconnection cavities and seams. Packers various holes, and 
liberal use dye introduced into the wash water, aided the latter operation. 

Drilling and grouting were continued through all stages evacuation. 
When concreting was started, pipe casing was carried through the concrete, 
facilitate subsequent drilling operations. There were some exceptions 
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this procedure when drilling through the concrete proved necessary. 


creting operations the various blocks the dam were raised above. 


and the monolithic structure the dam proper. The concrete backfill, 


the mined-out sections and the large cavities along the line the cutoff, was 
placed under pressure, induced pouring upgrade, through successive vertical 
These areas were drained trapped air and 
subsequently grouted through grout pipes placed before the concrete was poured. 


shafts (36-in. calyx drill holes). 


Further consolidation was insured the regular pattern curtain drilling and 
grouting, done after the completion mining and concreting operations. 

Reference made Mr. Pauls the formation and the character the 
cavities, particularly the zone saturation. This deep weathering and the 
formation cavities below the water table caused small annoyance, before 
the significance the process their formation was recognized. Water was 
fed into the subwater table strata, over wide area outside the cofferdam, 
wherever bedrock (with without overburden gravel) was contact 
with the waters the river channel. Percolating great depth, direct 
indirect paths, the waters emerged within the cofferdam area, either see- 
page over wide area, flow quantity points weakness the rock 
formation. usually occurred along dip joints weathered bedding 
seams, particularly the trace their intersection. Leakage along the strike 
joints usually was more direct and greater quantity, but lesser depth. 

The resultant characteristics the area inconvenienced the work, through 
the difficulty tracing the source the leakage, (a) the control the water 
for construction purposes, and (b) the determination the foundation treat- 
ment, and the probable extent such treatment. Once the principle deep 
percolation was recognized, was evident that control the leakage was pos- 
sible only interception, since control the rock surface outside the cofferdam 
was obviously impractical. 

Interception was possible stage and grouting, (1) the river- 
bank, immediately outside the cofferdam, (2) through the base the coffer- 
dam, (3) any point between the cofferdam and the area excavation for 
the dam, (4) along the upstream downstream face the foundation exca- 
vation, (5) within the area the excavation proper. Grouting with asphalt, 
mixture cement and clay, and neat cement grout were all used successfully. 
Asphalt proved much better than coal-tar pitch. The latter slower 
melt, more likely chill and plug the hole, and emits fumes brownish hue 
which create dangerous well disagreeable working conditions. 
phalt with melting point 165° 175° proved give the best results. 
Experiments with clay-cement mixes showed best results with clay 
(absolute volume) water. Lesser amounts cement were unsatis- 
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the 
case the grout curtain for the spillway, powerhouse intake, and the service- 
bay sections, the heel the dam the upstream face, ground level, was 
poured integral part the dam structure, projection upstream. 
This provided base for setting the diamond and the calyx drills, and per- 
mitted the drills continuous operation without interference with con- 
All 
grout holes and calyx drill shafts these areas were drilled through this pro- 
jecting lip, and thus afforded positive connection between the grout curtain 
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factory and showed considerable shrinkage. holes showing very large 
“takes,” 9:2 mix was used, completing with 9:3 mix refusal. the 
9:3 mix actually clay were used instead ft, because the 
loose measure. Although the water content never exceeded 7.5 per batch, 


was varied below this amount, accordance with the desired fluidity. The 
clay was obtained from borrow pits the vicinity the dam. was red 


color, nonplastic, free sand, but given crumbling drying. was 
through half-inch hardware cloth, remove large lumps, vegetation, 
other large objects that might cause damage the pumps clog the lines. 
Central station grout mixing was used successfully throughout all grouting 


operations. Mixes were pumped with facility, and times the varying dis- 


tances exceeded 1,000 ft. 

general, asphalt grouting was used the more open formations, partic- 
ularly along the outcropping badly weathered seams, where the joints 
being treated carried water quantity sufficient carry away the cement and 
cement-clay mixes pumped in. Sandbags were placed over surface 
leaks they developed, thus allowing the asphalt cool and harden sufficiently 
prevent further loss asphalt. Cement-clay mixes were used when large 
takes were experienced, particularly cofferdam grouting, the treatment 
the north reservoir rim, and the grouting the saddle dam. For the cut- 
off and curtain grouting under the lock and the concrete sections the dam, 
neat cement grout was used. Cement grout was used similarly the treat- 
ment the south embankment and the north core wall (including the north 
abutment rim immediately upstream from the core wall). 

Seepage from deep penetration was stopped consolidation grouting 
pattern over the entire area excavation. Interception heavy leakage 
required concentration effort provide grout quantity point 
sufficient distance down the dip the rock permit hardening and offset 
excessive leakage. range grout holes, parallel the strike the rock, 
gave curtain right angles the intersecting dip oblique joints and tapped 
the weathered bedding seams. Such condition block the spillway 
section described Mr. Pauls. There the asphalt grouting proved most 
the open weathered formation along the outcrop the bedding 
seams, and was secured subsequent grouting with cement below (down the 
dip) and back the asphalt curtain. 

The drilling and grouting program for the south embankment started the 
early stages construction, and was pushed constantly order complete the 
work before beginning place the earth fill embankment. The magnitude 
the task was not understimated and the job was completed with minimum 
interference with construction operations. Interference resulted chiefly from 
proper facilities for the disposal wash water from washing opera- 
tions preceding the grouting. preparing for the cutoff trench (which was ex- 
southward from the lock point well beyond the old river channels), 
the first step was the excavation the overburden silt, clay, sand, and gravel. 
This was done for sufficient width upstream and downstream from the line 
the proposed concrete core wall, give space for the use power scrapers and 
rollers during the placing and compaction the earth fill the embankment. 
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The removal the overburden probably increased the lateral leakage during 
the grouting, but even greater advantage resulted from then being able 
observe directly the results the stage drilling and grouting. 

describing the treatment the foundation rock where the core wall 
the south embankment crossed the old river channels, probably would have 
been more informative have stated that sufficient water require control 
thereof grouting entered the area from upstream along the strike the rock 
formation. The leakage was traced dye, placed seepage ponds which 
formed borrow pits the inner toe the upstream cofferdam embankment, 
several hundred feet distant. line diamond drill holes, 5-ft centers, 
drilled parallel to, and some upstream from, the cutoff trench and similar 
line with fewer holes downstream virtually encircled the area. The grout- 
ing consolidated the enclosed area, intercepting from upstream the direct seepage 
flow into the area, and from downstream, the backflow subsurface water 
from within the cofferdam enclosure. 

During the planning stage preceding construction, had been suggested 
anticipation leakage under the cofferdam, that line grout holes drilled 
and grouted, intervals, along the entire length the cofferdam. The alter- 
native was begin stripping and excavation, for the dam, and, leakage 
developed within the area excavation, drill and grout the extent neces- 
sary. The first would have greatly increased the scope what was estimated 
large and expensive drilling and grouting program. The second pre- 
sented the disadvantage that grouting the cofferdam later proved neces- 
sary, order reduce the leakage within the area the excavation, might 
difficult prevent excessive loss grout where the overburden had been 
removed stripping and excavation. The decision was proceed with the 
excavation and follow with the grouting control the leakage devel- 
oped. question was ever raised the soundness this decision. Leak- 
age under the cofferdam was serious few areas only. Some these areas 
required intensive treatment; others required treatment. 

Permeability and porosity tests, the area the south abutment the 
dam, indicated that the overburden the south the zone which core 
wall was considered necessary was essentially impervious, and that satisfac- 
tory cutoff could obtained through stage grouting without resorting 
open trench and concrete core wall. However, the provision the scope 
the project for future canal and flood channel from the Little Tennessee River 
resulted the necessity reinforcing the overburden the upstream face 
the south embankment the extreme that point the excavation 
for the proposed channel would flooded the impounded waters. The cut 
exposed certain lenses gravel extending toward the axis the dam and well 
under the body theembankment. The reinforcement the overburden 
sisted removing the exposed gravel, depth depending upon its texture and 
its position, and its replacement with embankment material rolled place. 

With respect the lock, the spillway, and the powerhouse sections, Mr. 
Pauls’ paper, complete with illustrations, appropriate sections, and photo- 
graphs, gives excellent picture the problem, and little can added with- 
out needless repetition. 
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the north abutment should visualized that the vertical oblique 
joints, transverse the line the north core wall, were continuous for un- 
known distance upstream and downstream from the line the cutoff curtain; 
and that they existed open cavities from the rock surface depths exceeding 
200 ft, although evidence their presence appeared the surface the hill- 
side. They were irregular outline, with branching arms funneling into the 
main trunk; times they exceeded width; for the most part they were 
filled with residuum arenaceous material saturated with water below the 
water table, form quicksand. 

The presence some such cavities was partly expected, large sinks 
and open cavities were observed immediately following the first rains, and sub- 
sequent stripping the overburden along the ridge above the north abutment 
for the construction access roads and storage area for concrete aggregate. 
later date, when work was started the north core wall, the significance 
these earlier sinks was recognized; and further disturbance the natural 
ground surface along the north rim the vicinity the north abutment was 
avoided. 

the construction watertight cutoff the area, was appreciated that 
any core wall, curtain, constructed backfilling with concrete after all 
weathered material and residuum had been removed mining operations, must 
functional design withstand the development pressure head against 
the wall with reservoir full. prevent rupture the wall, and any movement 

the ruptured section downstream direction, the concrete backfill was 
wedged against such movement, cutting into the side walls the joint 
cavity. Steel reinforcing bars were also placed insure monolithic structure 
with adequate support the rock formation place. This reinforcement 
was kept clear known locations intended calyx drill holes; although, 
occasional bar became displaced, there was complication because the calyx 
drill would cut both steel and concrete with equal facility. the treatment 
through the deep holes Stations 0+86.8 and 0+96.8 (Fig. 12), the 7-ft 
stages mentioned could not always maintained because the varying degree 
consolidation the residual material filling the cavity. The safety the 
men was the primary consideration fixing the depth material removed any 
one time. Stages excavation actually varied from ft. 

Because the nature the material filling the cavity along these vertical 
joints, consolidation grouting the prevailing depths was variable its 
effectiveness. Apparently the external pressure balanced the grouting pressure 
(external, relative the grouting system, and internal, relative the quick- 
sand filling medium), and the displacement, grout, the ground-table 
water the quicksand was extremely local its effect. The writer suggests 
that the grouting such medium, selected problem for research the 
field soil mechanics. The displacement the water saturation, quick- 
sand sandy clay residuum under pressure, with slow quick setting 
chemical grouts neat cement grout, has not been reported, the writer’s 
knowledge, current engineering literature. 

mechanical difficulty encountered was the difficulty maintaining the 


intended spacing the grout holes for their full depth. The drill holes were 
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deflected_in the drilling, were divergent because inaccuracies the leveling 
the drills themselves. This resulted both unequal spacing depth and 
divergence from the plane the drill curtain. Often the holes failed 
strike the cavity, resulting loss the hole and the time consumed 
drilling the hole. drilling depths 200 this time loss was serious. 

The time consumed stage drilling and grouting, compared with the time 
step procedure drilling, mining, concreting, and redrilling with calyx drill 
holes, was continually disputed point. the writer’s opinion, more effi- 
cient operation would have resulted from more extended grouting program. 

Reference Fig. reveals badly weathered area just beyond the end 
(block the north core wall. This region was thoroughly explored, and was 
deemed critical area. Because its depth, laterally, from the im- 
pounded waters the reservoir, was believed safe against the action 
percolating waters. insure against such lateral percolation, the rim treat- 
ment upstream from the north abutment grouting was definitely tied into the 
north core wall. 

During the entire treatment the north core wall area, and the north rim 
far the-saddle dam, check was maintained the general effectiveness the 
grouting program. This was done through pattern drilled wellholes, cover- 
ing the area the hillside extending from the future water line the reservoir, 
over the crest the ridge and down the opposite slope away from the reser- 
voir, the base the hill Muddy Creek. Water-level readings were made 
twice daily and plotted water-level contours. Changes water table ele- 
vations were thus detected and, with due allowance for the effects wash water, 
were used the grouting means detecting the efficiency the 
grouting operations. 


Assoc. ASCE.—Few, any, dams the world 
have received such thorough and extensive foundation exploration and treat- 
ment those described Messrs. Pauls and Taylor. The authors are 
commended for excellent presentation much data interest enginegring 
geologists. 

the nine dams constructed the main stem the Tennessee River, 
only one was constructed noncarbonate rocks. Watts Bar Dam con- 
structed interbedded, fissile shale and sandstones variable hardness. 
the other eight main dams founded carbonate rocks, open and filled cavities 
and channels, various sizes and shapes, were found along bedding planes, 
faults, unconformities, and joints. The conditions each site are quite 
ferent from the others because the geology the area. When confronted 
with numerous and different problems each site, the geologist found the par- 
ticular site given time little worse than any others. 

difficult state that any one site worse than another, but the foun- 
dation Fort Loudoun Dam offered about the most varied types cavities. 
The persistent steep dips and the variable physical character the limestones 
and shales were chiefly responsible. Kentucky Dam was noted for both small 
and large persistent cavities parallel bedding planes from El. 300 above sea 


Regional Geologist, Bureau Reclamation, Billings, Mont. 
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level El. below sea level. Large, and nearly vertical, solution channels 
developed along joints depth 200 below rock. The foun- 
dations Chickamauga and Guntersville dams ably demonstrated the effective- 
ness and the influence solution limestone thin interbedded layers 
shale bentonite. Hales Bar Dam foundation demonstrated concentrated 
honeycomb cavities developed along, and adjacent to, two minor thrust faults 
thick-bedded, relatively pure limestone. Fort Loudoun Dam foundation 
demonstrated the great depth which solution takes place steeply inclined 
limestones warm humid climate and the control the geologic structures 
solution the limestones. 

The papers form valuable records for other engineers, but they would 
even more valuable the authors would give the unit cost the excavation, 
the average unit cost the diamond, wagon, and large-diameter calyx drill 
holes, and the unit cost the two types groutings used. 

The success the rapid and efficient treatment these most difficult 
foundation problems during World War was due the availability highly 
trained construction personnel. 

The writer has had the opportunity explore number dam sites the 
upper Missouri River and its tributaries. Several these sites are located 
limestones soluble any the Tennessee Valley Authority (TVA) region. 
There marked contrast the degree cavitation limestones this cold 
dry climate compared with conditions the TVA region. Relatively pure 
limestones comprise the foundation rock the Yellowtail Dam south central 
Montana the Big Horn River. Recent core drilling has proved that cavi- 
tation limited. 
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DISCUSSIONS 


EXPERIMENTAL OBSERVATIONS GROUTING 
SANDS AND GRAVELS 


Discussion 


FREDERICK SMITH 


Jun. ASCE.—Petroleum engineers have long been 
concerned with the problem leakage fluids behind the casing oil wells. 
times their problem has been the same that described Baltimore, Md., 
Mr. Machis’ paper—namely, downward percolation water between the 
casing and the well bore. other times the problem has been the leakage 
high-pressure gas oil from the producing formation, upward between the 
casing and the borehole shallower sands the surface. When such 
leak reaches the surface around the casing there danger 
which results the development crater around the well the soil and sub- 
soil blown away the escaping oil gas. There also the possibility 
the ultimate loss the well rupturing the surface connections their 
support removed, well the danger that the escaping oil gas may catch 
fire, thus adding the general chaos. 

Various methods have been developed petroleum engineers combat 
this leakage between the casing and the wall the borehole. Some these 
methods are applicable the water works field, and others may adapted 
for such use. The writer would like submit the following suggestions, based 
current petroleum engineering practices, solution the leakage problem 
outlined Mr. Machis’ paper. assumed that drilling will done the 
rotary process, although these suggestions can adapted for use cable tool 
holes. 

New water well drilled area where contaminated 
waters are found shallower depths than the potable water exploited, 
the following program suggested: 


The well should drilled the water sand, but should not penetrate more 
than into the sand before the protective casing set. shales and 
paper Alfred Machis was published November, 1946, Proceedings. Discussion 


this paper has appeared Proceedings, follows: February, 1947, James Hays; and March, 1947, 
William Foster. 


Geologist, Sinclair Prairie Oil Co., Seminole, Okla. 
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clays are prone slough caliper the borehole can 
made before placing the casing the borehole; the number and size the 
can established; and estimate the amount cement needed 
fill the annular space between the casing and the wall the borehole can 
prepared. Also, light the nature most shales, would 
wise have the bottom the casing least below the top the sand 
prevent subsequent caving, and the development leakage around the casing 
shoe, after completion the well. The casing should run bottom and 
cemented using the quoted Mr. Machis (see heading, 
“Grouting New Casing: Casing Method Enough cement 
grout can pumped, normal oil-field cementing establish 
circulation the cement and get “returns” the cement the surface out- 
side the casing desired. During placement the cement, the casing 
should setting the bottom the hole. soon all cement has been 
pumped into the hole, the casing should picked and suspended with the 
bottom the casing below the top the water sand. 

After sufficient time has elapsed for the grout set (from hours 
hours, depending local conditions), the cement remaining the casing 
drilled out, and the hole opened below the casing shoe (which still leaves 
from cement the hole). The next step determine whether 
not any leakage exists around the casing shoe, due faulty cementing job. 
This determination can made using any one several available formation 
with the packer set the bottom joint the casing. The testers 
consist packer and series valves which are run into the hole the 
bottom the drill pipe tubing. This the standard stem test’’ 
familiar petroleum engineers. valve, below the packer, excludes fluid 
from the drill pipe, and maintains atmospheric pressure inside the pipe the 
testing tool lowered into the hole. This valve opened after the packer 
set, and the resulting pressure differential between the formation pressure 
the zone below the packer and the atmospheric pressure the drill pipe allows 
the formation fluid (if any present) flow into the drill pipe above the 
packer. The valve automatically closes when the packer unseated, trapping 
the fluid the drill pipe; the pipe pulled from the hole, and the amount and 
nature the fluid recovered checked the engineer supervising the test. 
pressure recording device can used with this testing tool record the 
shut-in rock pressure, and the flowing pressure the zone can 

the drill stem test does not recover water, the cementing job can con- 
sidered success, and the well can then completed using the standard prac- 
tices for the area. water recovered the test, however, should 
analyzed determine came from the fresh-water sand below the casing 
shoe, contaminated water that leaking between the casing and the 
wall the borehole—indicating poor cement job. the latter case, the 
bottom the casing should gun (or bullet per- 
forated) and cement grout should through these perforations 


For names and addresses commercial concerns engaged the various types special services ad- 
Tess inquiry the Editor, Technical Publications. 


Testing and Testing Padgett, The Oil Weekly, March 24, 1947, 
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seal the leakage behind the pipe. The casing shoe can again tested follow- 
ing the squeeze cementing. This process squeezing and drill stem testing 
should continue until shutoff achieved. When further leakage appar- 
ent the well can completed. 

Old typical cases applying old wells can discussed. 

Case Well Completed Potable Water Sand and Later Contaminated 
Leakage from Behind the Casing.—The first step the elimination 
this type leakage should fill the open hole below the casing with fine 
sand and gravel order protect the face the producing sand from any 
possible contamination the cement grout. eliminate the leakage, the 
bottom joint the casing should gun perforated, and cement grout squeezed 
behind the casing through the perforations. When the grout has set, the ce- 
ment remaining the casing can drilled out, and the cement job tested 
previously described. This process may have repeated one more times 
until the leakage completely sealed off. and gravel can removed 
from the hole after the shutoff obtained, and the well then put back pro- 
duction. 

Case Leak the leak the casing suspected, can 
located running “water survey” “electric The writer not 
familiar with the details this type survey, although the service has been 
available the petroleum industry for some 

When the leak the casing located can eliminated the following 
manner: drillable cement retainer plug should set the casing below 
the leak; the casing gun perforated the zone leakage, and then the per- 
forated section squeeze cemented. When the cement has set, the cement re- 
maining the casing should drilled out point below the leak, but above 
the cement retainer, and the zone leakage drill stem tested described herein 
under the heading, Perforating and cementing should re- 
peated, necessary, until further leakageis noted. After all leakage sealed 
off, the cement retainer can drilled out, the well cleaned out bottom, and 
then put back production. 

Case Squeeze Cementing Shallow Sands Behind the 
times may seem advisable squeeze some cement into the shallow 
inated sands covered the casing. This would especially true plugging 
old well where impossible reclaim the casing. These sands can easily 
located geologist’s sample log accurate driller’s log the hole 
available. Where such logs are not available, where the records are very 
poor, the sands behind the casing can located survey, 
relatively new process that being used the petroleum industry. These 
surveys are based the natural radioactivity the sedimentary rocks, the 
survey instrument recording the intensity the radiation the 
formations the instrument withdrawn from the borehole. This type 
survey advantageous because can run any type well fluid, and will 
locate the various formations accurately both cased (one more strings 
cemented casing) uncased holes. The disadvantage these surveys lies 
the fact that some idea the normal sedimentary sequence the area needed 
interpret these logs properly, sands and limestones give similar reactions. 
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This disadvantage can overcome (at extra cost) making 
survey connection with the “gamma-ray” survey, and properly correlating the 
two surveys (done the service The “neutron” survey, con- 
trast the survey, based the intensity radiation from the 
formation result bombardment neutrons from radioactive source 
suspended below the survey instrument. 

has been found that the best results are obtained, petroleum geological 
studies, when the radioactivity logs are used conjunction with any geologist’s 
driller’s logs that are available from the same area. The aforementioned 
inability differentiate between sand and limestone should not too big 
disadvantage the water works field, since porous limestone potentially 

After the sand bodies (or limestones) have been loéated, they can grouted 
squeeze cementing following the procedure outlined for case 

The Use Plastics Seal Contaminated oil companies have 
been experimenting with plastics; they have been trying “‘shut bottom 
hole water introducing liquid plastics various types into the borehole and 
allowing them harden. Some good results have been reported from such 
experiments, and these materials might prove very useful the water works 
field. Each contaminated sand encountered drilling new well could 
impregnated with plastic soon drilled, thereby eliminating the source 
future pollution. 

Service located the areas active petroleum 
exploitation are familiar with most the service engaged the 
activities described herein. Their characteristically colored cars and trucks 
are being found throughout wider and wider area the search for oil expands. 

Locating Cement Squeezed Behind laboratory experiments Mr. 
Machis has determined the effects such physical constants porosity, per- 
meability, pressure, and water-cement ratio the problem forcing cement 
grout into sand formation. Where the porosity and permeability sand 
have been determined from cores, should possible, using Mr. Machis’ 
results, determine the theoretical quantity cement squeezed into sub- 
surface sand body under set conditions pressure, type slurry, and time and 
rate pressure application. accurate method has been developed check, 
below ground, the theoretical results expected from subsurface squeeze 
job. 

possible, however, determine the vertical extent and the mass dis- 
tribution the cement following squeeze cementing. This determination 

made possible adding radioactive mineral the dry cement used, 
and “gamma-ray” surveys the borehole before and after the squeeze job. 
The radioactive mineral usually potassium-uranium-vanadium 
per sack dry cement. Carnotite, because its nearly colloidal size and 
specific gravity, remains fairly stable mixture with the cement slurry (usu- 
ally 15.5 per gal), and does not tend settle out the slurry. 

practice “gamma-ray” survey the borehole made prior the 
Squeeze job, and used the reference line for all future surveys. The per- 
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forated zone squeeze cemented, using the radioactive cement, and second 
survey run after the hole has been cleaned out. super- 
imposing the second survey upon the original, the vertical distribution the 
radioactive cement behind the pipe can determined the sharp changes 
the “gamma-ray” intensities between the two surveys the upper and lower 
limits cement Some idea the mass distribution the cement 
can obtained from the comparison the two surveys when understood 
that the greater the mass treated cement any point, the greater will the 
intensity. all such comparisons surveys, 
connection with radioactive squeeze cementing sand section through per- 
forations, that the writer has seen, the intensities were highest 
opposite the sand section, and tapered off the original values short dis- 
tance down the hole. The concentration the inten- 
sities due (a) filter cake mass being formed the annular area between 
the casing and the wall the borehole; (b) penetration some the solid 
particles cement and carnotite into the sand, (c) combination both. 

some extreme cases two more squeeze jobs have been 
performed opposite the same zone. comparison the sur- 
veys made after each squeeze job showed progressive increase 
intensities for each succeding survey, indicating the probability that 
least part the radioactive cement slurry had penetrated the sand body 
during each squeeze job. 

This combination radioactive cement and surveys does 
not give definite values the amount cement forced into formation; nor 
does supply the depth penetration the cement into the The 
method does give answer the problem the vertical travel the cement 
behind the casing, and approximate location the main mass the cement 
forced into the annular area between the casing and the wall the hole. 

Summary.—Mr. Machis’ paper excellent addition the literature 
grouting sands and gravels. His experiments have supplied data much 
value for the solution grouting problems. Mr. Machis has noted (see head- 
ing, Leaking Wells’’): 


“The highly sucessful utilization this process the oil well industry 
warrants close study for possible adaptation the water well industry.” 


Therefore, the writer has tried outline these oil-field practices the hope that 
they will aid the practical application the results Mr. Machis’ 
ments. positive method locating the cement squeezed into formation 
through perforations also included. 


Some Practical Aspects Radioactivity Well Logging,” Jackson and Campbell, 
Technical Publication No. pp. 14-16. 
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FOR STRUCTURAL DESIGN 

Discussion 


structural engineering see paper such that Professor Freudenthal 
“design for shows how far the profession has gone since 
the beginning the century. that time there were very few controls and 
these were the larger cities only. Worse yet—the few that had been set 
were heavily tainted with politics. may amusing now remember that 
concrete “had business aboveground,” and when was most graciously 
allowed had heavy—always heavier than brick, for that was good 
The writer that time was designing big stable Brooklyn, The 
stalls “had be” separated 8-in. brick walls—or 12-in. concrete; the 4-in. re- 
partitions the writer had proposed were laughed out ex- 
istence. Nothing was mentioned about how the concrete was made, how- 
ever, that into the walls ultimately went all kinds refuse salvaged from the 
lot, including some stable manure. 

That time gone now, seemingly, because the authorities are willing 
listen such excellent rationalization presented the author; and this 
again raises the very important question: Who were the men that made the 
most recent codes and what extent were they governed the law prob- 
abilities? This very pertinent question. Even today one may examine 
official schedules permissible live loads, and find that there are great vari- 
even for cities which they should the same. Any recent assembly 
loads will show variations 100% where there should have been vari- 
ations. 

the light the present paper, therefore, proper ask: How, and 
whom, were the codes made? Were they made politicians practical 
professional engineers also consulted? engineers were con- 
sulted, what extent were their opinions respected and followed? they 


paper Alfred Freudenthal was published February, 1947, Proceedings. 
Carbide and Carbon Chemicals Corp., South Charleston, Va. 
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were not consulted, why not? Also what was done tell the world that engi- 
neering judgment should have been included—for the sake equity and safety 
for those who the bills.” 

Bridge builders, rule, have been quite free from political interference. 
Therefore, Example well chosen; but there should have been another similar 
example for the common building loads regard which more rationalization 
sorely needed. Usually there traffic load all floors, with people tempor- 
arily rest also included. This load varies for different kinds service; but 
usually very light. the incidental loads equipment that run the 
specified loads high—and keep the code makers such deep doubt that 
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their guesses seem like chapter from Wonderland.” 


now that the Freudenthal method has given designers the means combine the 
light traffic loads with the heavy equipment loads into rational average—one 
for each type building? this so, would interesting review 
the principal classes building service and study how the rational live loads 
compare with their political and regional predecessors. 

the way, that problem also challenge the author—of both inter- 
esting and practical significance. 

Example not equal significance that deals with permissible 
stresses for which the variability largely has been eliminated more definite 
and better controlled processes manufacture. This might not yet true for 
butt weld; certainly will true soon. were not so, one may well ask 
the probability method isin order. were assumed too light, would 
not serious, but weld strength were too low critical point the result 
might disastrous—and include such weak point the setup for prob- 
ability will not save structure when cursed such element possible 
breakdown. 


Joun Assoc. ASCE.—Very pointedly, this paper em- 
phasizes the importance standard specifications for structural design and 
clearly advocates the adoption ‘‘of the scientific method their preparation.” 
Too often design practice, reflected standard specifications, has lagged 
behind research, theory, and the study the action existing structures. 
There seems always somewhat constant conflict between theory and 
practice. This futile, since only integral fusion both will produce 
successful results. The great English statesman, Benjamin Disraeli, has stated, 
practical man man who practices the errors his 

Normally, theory precedes practice. However, this not belittle prac- 
tice. Hardy Cross, ASCE, has 

designer engineering structures upon which the integrity 
property values and the safety human life depend has right accept 
theoretical results unless finds for them some support experience 
common sense.’ 


This seems paradoxical, but only emphasizes the complexity the problem. 


Dist. Bridge Engr., Public Roads Administration, Little Rock, Ark. 


and Application Structural Analysis,” Hardy Cross, Engineering News-Record, 
October 17, 1935, 535. 
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Specifications for structural design should reflect practices based sound 
thinking, thoroughly blended with theory and experience. This experience 
should tempered with information derived from complete study struc- 
tures Every engineer should recognize his obligation gather data 
the actions structures service every opportunity and disseminate this 
information the profession. common with practitioners every field, the 
structural designer must rely authentic information from other engineers 
and related workers. This necessitates complete cooperation and coordination 
all fields engineering. 

structural designer must not only able interpret standard specifi- 
cations and apply them routine design problems, but must also have work- 
ing understanding the theory and practice which they are based. must 
thoroughly conversant with their limitations, and, therefore, should able 
cope with special problems that arise design. Too often, specifications 
reflect personal prejudice and blind admiration for past practice. 

The writer can more than lend emphasis the author’s closing 
statement: 


“Nothing must taken for granted and every relation assumed must 
carefully examined the most appropriate method, logical induction 
statistical inference. Only thus will the impact modern scientific 
development make itself felt the engineer’s everyday work.” 
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AMERICAN SOCIETY CIVIL ENGINEERS 
Founded November 1852 are 
DISCUSSIONS 
THEORY INELASTIC BENDING WITH his tab 
REFERENCE LIMIT DESIGN 
Discussion 
based 
fortun 
ASCE.—In presenting this comprehensive and 
realistic solution the problem inelastic bending, the author has performed 
unusually valuable service the profession. ments 
his discussion’ the pioneering paper “Theory Limit Design” short 
Prof. Van den Broek, ASCE, the writer stated: 
design theory that does not provide the means determining the de- yieldi 
formations corresponding any given load the ultimate one in- fibers 
complete and questionable.” 
strair 
precisely this problem which ably solved this paper. Other attempts 
this direction have been made, including the writer’s sketchy treatment caref 
the quoted discussion and some work Great Britain. However, the paperis 
the first be, the same time, complete and practical. The extension the and 
strain-hardening regions and the discussion shear stresses are particularly tion 
valuable. bear 
From practical point view, the method necessarily rather complex ural 
for use design. The confirmatory evidence presents for the original, port 
simpler method limit design therefore doubly welcome. Although limited tical 
design application, the author’s paper should prove particularly valuable 
research work the interpretation results tests beyond the elastic range. cent 
The main point this discussion register sincere request that the the 
complete form Table published with the closing dep 
practical use these methods all but impossible without the complete 
paper Alexander Hrennikoff was published March, 1947, Proceedings. 
Associate Prof., Civ. Eng., Cornell Univ., Ithaca, 
Transactions, ASCE, Vol. 105, 1940, 673. for 
Tables 1(a) and 1(b) are greatly condensed forms the complete tables, and they are confined 
values functions and for mild steel and channel beams with and str 
varying between the limits 1.1 and 65, needed for solving the illustrative examples the paper. The 
complete tables contain similar functions for mild steel computed for four values—of 


t= 
and 14—and values 1,000 varying between the limits 1.1 and 100. The photostats 
tables are available request the price $1.00. 
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mentioned Indeed, the author notes correctly, Figs. and 
are not necessarily accurate enough for numerical work. the other 
these tables are computed for values not exceeding 1.5. Cases 
which larger, however, are frequent standard wide flange sections. Thus, 
example, for 16, 426-lb wide flange section, the value the 
order 3.0. Similar values may also occur built-up sections. 

would great practical value, indeed, the author agreed extend 
his tables higher values For general use, the practical value the 
paper would greatly enhanced were possible reproduce the complete 
and enlarged tables the author’s closing discussion. 


D.C. Jun. ASCE.—The analysis Professor Hrennikoff 
based not only plane sections remaining plane the usual sense (that is, 
longitudinal strain proportional distance from neutral axis), but also the 
applicability the stress-strain diagram for simple tension (Fig. 
fortunately, the problem far more complicated than any for which exact 
solutions the idealized theory plasticity have been found. the pur- 
pose this discussion indicate the necessity for broader stress-strain rela- 
tionship when vertical shear stresses are large, and suggest that the ele- 
mentary approach may seriously overestimate the load carrying capacity 
short WF-beams I-beams especially when fixed ended. 

the case rectangular steel beams any which the shearing 
stress small compared with the bending stress, once the unstable plastic 
yielding the outer 
fibers complete and the 
strain-hardening region 


reached, the author’s 
careful work 

edly will give very useful 
and accurate informa- 

tion. However, WF- 


beams and other struct- 
ural shapes are pro- 
portioned that the ver- 


tical shearing stresses are 

Fic. 28.—Srress RELATIONS JUNCTION WEB AND Top FLANGE 
centrated loads act near 


the end beam (Fig. 24), may control the design. The larger the ratio 
depth span, h/l, the more important the shear stress becomes. 

element the junction the web and top flange near the right support 
fixed-ended beam will subject tensile stress and shearing stress 
shown Fig. 28. ratio 20/12 for somewhat low but reasonable 
for fixed-ended WF-beam, although usually too low for I-beams. However, 
stress V/A, greater than kips per in. when the bending kips 
Substituting kips per in., and kips per in., the 


(a) STATE STRESS (b) MOHR’S CIRCLE 


Asst. Prof. Mechanics, Illinois Inst. Tech., Chicago, 
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maximum shear stress the point Tmax 15.6 kips per 
in., ignoring, customary, stress concentrations the fillets and the high 
stresses actually present near supports concentrated loads. 
Experiments show that the plastic state structural steel starts when the 
maximum shear strain energy reaches limiting value. This criterion more 


accurate but not convenient nominal stress analysis the maximum shear 
stress basis; that is, yielding will occur when Tmax equals the yield point 
shear—approximately kips per in. for tensile yield point kips per 
all the elastic stresses are proportional the load, this means that 
yielding will occur when the bending stress 24.3 kips per in., 
only three fourths the yield point tension (33 kips per in.). The 
closer the point the neutral axis, the smaller the ratio the bending stress 
the tension yield point. 
The distribution shear over the cross section I-beam 
Fig. 29, will often greatly reduce the load required for initial yielding. 
though the effect such 

local yielding the main 

part the flange can only parag 

guessed, would reason- 

the yield strength. 

matter what the ulti- 

(a) (b) (c) mate effect strength, 

more general terms than 

the simple tension test and 

stresses not seem tatio 

The resulting shear stress 24.5 times the average certainly not possibliity bility 

I-beam, because yield must occur long before high stress reached 

(at kips per in. less for the steel the illustrative examples). the 

integral the shear stresses over the area the cross section must give the 

total shearing force, the vertical shearing stresses the zone yielding cannot 

disappear; nor, correspondingly, can the bending stresses two neighboring 

sections become equal the manner shown Fig. 18. Certainly, the 

tion the bending stresses not given simply the stress-strain diagrams 

for tension alone, but function the stress strain well 

the bending strain. bull 


view 


| 
5 
Colle 
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FORECASTING PRODUCTIVITY 
IRRIGABLE LANDS 


Discussion 


CHARLES KIRBY FOX 


ASCE.—The question the end the second 


—is timely and shows that engineers are becoming more “cost 


Two aspects the paper, however, are open serious discussion, namely: 
(1) The use 32° base and (2) the adoption range available heat 
units terms thousands degree-days above 32° Most plants begin 
growing when the mean temperatures reach from 42° the rate 
growth temperatures lower than 50° slow, mean monthly temperature 
50° logical base. easy base for computation purposes and 
readily correlated with data issued the United States Weather Bureau. 
The use thousands degrees per day above 32° would complicate compu- 
tations considerably. Elsewhere the writer has called attention the advisa- 
bility using the 50° 

The late Mr. Muldrow correct his observation that some plants cease 
when the weather becomes too warm. 

Closely allied the question growing temperatures are the following six 
factors: (a) The soils; (b) the quantity water used: (c) the character the 


water; (d) the transportation facilities; the value fluctuating dollar; and 


special conditions and study required some, often highly profitable, crops. 


(a) The Soils—The University California, Berkeley, has issued 
which soil classification analyzed from production point 
view. The Soil Survey Bureau, United States Department Agriculture, had 
reported fifty-nine California areas which six areas (more than 2,500,000 


paper the late Muldrow was published February, 1947, Proceedings. 
this paper has appeared Proceedings, follows: May, 1947, Arthur Johnson, 
Loo, and Will Noble. 
Cons. Engr., Los Angeles, Calif. 
Discussion Charles Kirby Fox National Reclamation Policy’: Report the Committee 
Division,” Transactions, ASCE, Vol. 95, 1931, 1357. 
Method Rating California Walter Weir and Earl Storie, Bulletin No. 
Agriculture, Univ. California, Berkeley, Calif. 
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acres) were not complete and nine areas (more than 4,750,000 acres) were not 
computed because the alkali content the soil. The University Cali- 
fornia bulletin was concerned with the remaining forty-four areas (15,000,000 
acres). Its classification, briefly, follows: 


Percentage maximum yield 


The average total producibility classes and was 70% or, roughly, 

two thirds. Classes and are not considered suitable agricultural soils 

for cultivation and irrigation. The East Mesa Imperial Valley California 

rated the same basis. The area California given 158,693 miles; 
and, since the foregoing sol 
(PERCENTAGES) most the arable land Cali- 
fornia, the forty-four soil-class 
California East Mesa shown Table All these 
(14,858,561) data show that the areas having 
23.2 2,500 determinations the duty 
water (including many mul- 
tiple tests), was determined line 
that, the quantity water required produce the maximum yields were teste 
known, could assumed that two thirds that water will produce yields 
90%; and one and one-half times that maximum quantity will only produce whe 
yields 66%, two thirds. 
(c) The Character the saline waters, depending rela- 
tive concentrations, cause decline yields. proof this fact one has shal 
only examine the thousands acres land old irrigation districts, which 
were formerly productive but are now waterlogged and saturated with alkali. (sor 
This particularly noticeable the great Central Valley (California) and the 
Imperial Valley, well the Yuma Project Arizona. The acreage yields 
(not dollar) the Imperial Valley and the Yuma Project were plotted for the 
period from 1926 1940 and showed decline approximately one 
relation comparable crop yield data for Los Angeles County 
(d) The Transportation some cases the transportation 
ties will limit the yield commercial crops. Vog 
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MISSISSIPPI RIVER 


Discussion 


LYTLE BROWN, AND ANSON MARSTON 


Brown,” ASCE.—The idea making artificial cutoffs the 
Mississippi River old one and has been put forward the past various 
mostly those who had but little experience with the river. 
1859, two officers the Corps Engineers, Army (Capt. 
Humphreys, Hon. ASCE, and Lt. Henry Abbot) made the first compre- 
hensive study the lower river. These two officers were among the most 
distinguished that the Corps Engineers has ever furnished the United 
States. Their massive report for many years was regarded standard 


river contains elaborate discussion cutoffs based both 
analysis and the observation natural cutoffs. The conclusion reached 
was unfavorable but was cautiously stated, and ended with the re- 
uty mark that further discussion was not necessary since was not practicable 
artificial cutoffs. that time was not practicable because the drag- 
line the hydraulic dredge had not then been developed. Gen. Grant 
tested the practicability this theory opposite Vicksburg, Miss., 1863. 
The fear injuring navigation either artificial natural cutoffs 1859, 
when navigation was supreme importance, made experiments with cutoffs 
business. Experience with natural cutoffs and the authoritative re- 
port Messrs. Humphreys and Abbot made policy against cutoffs un- 
until 1933. 
The plan for flood control the Mississippi following the flood 1927 
called the Jadwin Plan) contemplated cutoffs; and, since that 
the plan received the sanction Congress, radical departures from were frought 
danger. 
From 1929 until 1933 there existed among some the authorities the 


river attitude hostility toward anything that might any way alter the 
Jadwin Plan. This attitude tended toward discouraging further study new 


paper Gerard Matthes was published January, 1947, Proceedings. Discussion 
this paper has appeared Proceedings, follows: March, 1947, Elam, Hall, 
ogel, and Harry 
Maj. Gen., Army (Retired), Franklin, Tenn. 
Abb Report the Physics and Hydraulics the Mississippi Humphreys and Henry 
ot, Professional Paper No. 13, Corps Engrs., Army, 1876. 
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950 BROWN CUTOFFS Discussions 
attacks the problem flood control. Col. (later Maj.-Gen.) Harley vocate 
Ferguson, ASCE, officer well known the writer (then Chief 1932 
neers, Army) able engineer willing and capable developing new 
attack the flood control problem other hydraulic problems, was accord- ask 
ingly appointed President The Mississippi River Commission the hope River 
that would not crippled adherence any hard and fast ideas. the 
eral Ferguson was the first and only responsible man who ever brought the the 
Chief Engineers the serious proposition make artificial cutoffs the menti 
Mississippi River. Whatever credit due for courageous effort lower 
the height floods the confined waters the Mississippi due 


Gen. Harley Ferguson. There are many who project idea where danger 
involved but there are few with the courage give effect and assume 
the responsibility. According the writer’s knowledge, Mr. Matthes’ paper 


cannot questioned any important particular. 
break 
Anson AND Hon. ASCE.—The writer launc 
Maj-Gen. Lytle Brown, ASCE, then Chief Engineers, appointed three- 
man Mississippi River Engineering Board Review restudy and report 
upon the “Jadwin Plan” for Mississippi River flood control, which had been was 
adopted Congress after the great 1927 flood. The Board members were the 
then Brig-Gen. Harley Ferguson, ASCE, President; the then Col. bend 
George Spalding, Division Engineer St. Louis, Mo.; and the writer, the 
should emphasized that General Ferguson entitled full credit for 
originating 1932, and later President the Mississippi River Commission 
for constructing, the extensive and highly successful cutoff program well 
described Mr. Matthes. That the previous Mississippi River Commission prog 
policy and much engineering professional opinion had been hostile cutofis had 
was demonstrated the 1929 ASCE flood control. Therein 
Col. Edward Schulz, ASCE, United States Corps Engineers, long en- 
gaged Mississippi flood control work, stated: would bea capa 
detriment the river and are decidedly This had been the long 
continued policy the Mississippi River Commission and was supported 
prevailing engineering opinion. 
John Coleman, Past-President and Hon. ASCE, stated: 
q ys 
“For the reasons stated, the writer the earnest conviction that 
levees, with auxiliary works for the protection banks from caving, wil 
afford the only certain method controlling the floods the 
River.” 
valt 
However, preceding Mr. Coleman indicated open mind 
trying out cutoffs “gradually,” and “with caution.” Elam, Vie! 
ASCE, assistant engineer, Mississippi Levee Board, and few others ad- 


Dean Emeritus Eng., State College, Ames, Iowa. 
Transactions, ASCE, Vol. 93, 1929, pp. 655-969. 
Engineering News-Record, June 28, 1928. 
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trying out cutoffs, but remained for General Ferguson begin 
1932 design, and 1933 construct, the shown Fig. 

the early acts General Brown’s Board Review 1932 was 
ask Brig.-Gen. Jackson, ASCE, then President the Mississippi 
River Commission, for suggestions concerning the work. said nothing 
the Board indicate that was favor making any cutoffs improve 
the river. The Yucatan Cutoff (1929) into the Black River Channel has been 
mentioned (see heading, ‘‘Historical’’) demonstrating how properly de- 
signed cutoff could improve the river. However, appears that General 
Jackson from efforts close the break only after efforts 

willow mats failed. 

that time had become evident that there was danger that the river 
would break also through the Ashbrook and Leland Greenville Necks (Miss.) 
spite the Commission’s costly preventive dikes. 1933, the river did 
break the Leland Neck; the writer rode through the break government 
launch down deep and wide raging torrent within less than hours after 
happened. 

Construction the model the Greenville bends was wise move, suc- 
cessful that before the Board Review concluded its work 1933 the model 
was extended include the whole distance from the Arkansas River Old 
River. However, getting ready quit losing fights prevent Greenville 
bend cutoffs was quite different from starting planned program improve 
making many 1933, was the writer’s privilege during 
conference Washington, C., with General Brown, advise him 


for approve General Ferguson’s plans for the other Greenville bend cutoffs, shown 
The Board Review concluded its work 1933, which time the cutoff 
program described the paper was well under way. its success 
had been all that was forecast. The advantage navigation shortening the 
170 miles between Memphis (Tenn.) and Baton Rouge (La.) obvious. 
obvious that the cutoffs have materially improved the flood-carrying 
capacity the river that reach, although the exact extent not obvious. 
ong Also, each cutoff two channels—the cutoff and the still open channel 
around the old bend—are now available carry the flow. The advantage 
having the bends open get rid silt obvious, but the past such bends 
eventually have silted full, least have become from the river 
silt. would interest for the author add some discussion this 
matter his valuable paper. Are there any actual measurements proving the 
opi continuity the river’s bed the reaches north Old River? 
There are some other questions which the author doubtless can give 
valuable fact opinion information. Table shows that the greatest flood 
ind June, 1945, the Mississippi River reaches from Arkansas City (Ark.) 
(Miss.) since the cutoffs therein were made occurred 1937, and 
ad- 


was about 2,000,000 per sec. that the 1927 maximum flood 
flow Arkansas City was 2,662,000 per sec. and still larger future flood 


Transactions, ASCE, Vol. 93, 1929, 707 and 874. 
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possible. would great interest readers the author would add AMI 
information the following three points: 


What, the author’s judgment, the present maximum flood flow 
the Arkansas City-Vicksburg Mississippi River channel reaches which will not 
dangerously decrease the adjacent levee freeboards? 

When the Board Review concluded its work the fall 1933 was 
the opinion that, addition the completion the cutoff program, 
adequate floodway west the river from below Arkansas City Old River 
would necessary insure that part the Mississippi Valley from 
damage future “super flood” the magnitude then thought possible; 
was hoped that the future developments reservoirs above Arkansas City 
the Mississippi River and its tributaries (including Arkansas River) might 
time have some measurable value reducing floods. What the 
current opinion this matter? 

Fig. indicates well-developed Atchafalaya River channel from Old 
River Grand Lake, although 1932 such channel existed only part way 
south Old River. Does this mean that General Ferguson’s big dredges have 
succeeded extending such channel clear Grand Lake? 


conclusion, the writer wishes say that the author entitled much 
credit for his own indispensable services helping plan and develop the 
entire admirable Mississippi River cutoff program described the paper. 
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STRENGTH BEAMS DETERMINED 
LATERAL BUCKLING 


Discussion 


EDWIN GAYLORD 


Epwin Assoc. ASCE.—In previous paper the 
strength beams determined lateral buckling,“ was suggested that 
the critical stress for simply supported beam subjected pure bending could 
used design criterion for most cases transverse loading. From the 
formula for the critical bending moment pure can shown that 


_the critical stress expressed Eq. with the factor given by: 


Eq. can obtained from Eq. substituting approximate values for 
and the torsion constant using the value given Eq. 93, with the 
first term under the radical omitted that, 


Values computed from Eqs. and are given Cols. and respec- 
tively, the same table, Col. gives values for uniform load 
applied the top flange. These values are taken from Col. Table except 
noted. Granting that design formula should based the case 
uniform load applied the top flange, the errors involved using the k-values 
Cols. and are indicated Cols. and Table For small values 
both approximate values are considerably error. 


paper Karl Vries was published September, 1946, Proceedings. Discussion 
Paper has appeared Proceedings, follows: December, 1946, George Winter, and David Hall; 

ebruary, 1947, Theodore Higgins; March, 1947, Neil Van Eenam; April, 1947, Hill, 


Prof. and Chairman, Dept. Civ. Eng., Ohio Univ., Athens, Ohio. 
Slender Beams,” George Winter, Transactions, ASCE, Vol. 109, 1944, 1339. 


Elastic Stability,” Timoshenko, Book Co., Inc., New York and Lon- 
on, 1936, 261, Eq. 159. 
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Tab 
Elastic Timoshenko, McGraw-Hill Book Co., New York and Lon- 
don, 1936, pp. 268 and 269, Table and Eq. (h). 

Since Eq. overestimates values for small whereas Kq. 
underestimates them, evident that better value might obtained 
arbitrarily reducing the first term under the radical Eq. 93. Col. Table 

gives values computed from the equation: 

abl 
Col. shows that these values check very well with those Col. even for 
the extreme values which were not included Table 
Eq. can put into more convenient form using the first two terms 
the binomial expansion for the error this approximation 

does not exceed +6%. The equation may written: 

and also, 

From these equations: 
2 
The coefficient the second term the brackets has been reduced from its 


binomial expansion value. This was done because the effect this term 
greatest the region where the k-values Col. Table are most 
the values Col. The equations give approximately equal values when 


q 


its 
rm is 
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Table gives values computed from Eqs. 97; and Col. compares these 
values with those Col. 


per in., 


6 3 
Applying the factor safety used the author Eqs. 98, formulas for design 
are: 
6 2 
6 


Except for the factor these equations are terms common properties 
beams. They are relatively simple use tables the factor are avail- 
limit for beyond which the error the use Eq. inconse- 
quential can established from Table desired that the error not 
exceed 5%, then the approximate Col. should not used 
The error will not exceed (This exclusive errors inherent 
approximations Jy, and through which Eq. derived from Eq. 4.) 


tables the factor are not available, the ratio may computed 
from the equation: 


equal 0.3. The torsion constant can computed with sufficient ac- 
curacy most cases means the familiar equation or, de- 

sired, more accurate procedure described 


This equation was derived from the relation with Poisson’s ratio 


However, the equations are first written the following form, factoring 


193 Manual Steel Construction,” Catalogue Bethlehem Steel Co., Bethlehem, Pa., 
146 158 and 167. 


101, Torsion,” Inge Lyse and Bruce Johnston, Transactions, ASCE, Vol. 
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from the brackets and parentheses, and substituting from 100: 


a 2 


When the substitutions for and are made, 


The //a-ratios the brackets and parentheses Eqs. 102 are not expressed 
terms and because large errors that could result. The reason 
for the errors found Eq. 100. The value expressed terms the 
flanges only may error much 50%, whereas the value 
practically unaffected omitting web moment inertia. the substitu- 
tions outside the brackets, the error compensated for error 
are considered; 0.098 and 105 the web included. The 
ratio for the true values 336, and for the approximate values, 340. 
Calculations for several beams chosen random showed variations much 

values the factor are not available, their may 


avoided writing Eq. 100 and substituting the ap- 

proximate values for and the the denominator. This procedure 
introduces the same compensating errors mentioned previously, and results in: 


This value may substituted Eq. 1026 obtain: 


Eq. 104 should particularly useful, since contains only common properties 
sections. After selecting beam according Eq. the designer 
calculate only the second term the brackets determine the percentage 


Construction Manual,” 5th Ed., 1947, 24. 
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which the allowable stress, given should increased. 
not written with the expressed terms Eq. 103, because the 
result cumbersome. for 1.5, the value given Eq. 
102b exceeds only the value given Eq. 102a, that Eq. 1026, 
Eq. 104, probably can safely The limitation stated 
after Eq. 104 based this assumption. Thus, Eq. 104 will applicable 
the design practically any rolled shape plate girder, and 99a its 
equivalent, Eq. 102a, may used for light-gage beams. 

simple criterion determine whether the second term the brackets 
Eq. 104 significant can established. stated previously, 
Eq. about 5%. Therefore, from Eq. 103, 


One other convenient form for Eqs. will given. The radius gyra- 
tion for the axis perpendicular the web the I-section and the WF-section 
assumed, formulas for the critical stress for the I-section and the WF-section 


are: 


These equations are particularly simple form. However, they may over- 


estimate values given Eqs. much 10%, and may under- 


estimate them much 15%. 

The following examples illustrate the use the equations this discussion. 
assumed that the maximum allowable bending unit stress 20,000 per 
sqin. Since the American Institute Steel Construction has adopted Eq. 
its 1947 design specifications,“ diagrams based that equation“ can 


used for these problems. The data given not include the moment due 
the weight the beam. 


ment 450 kip-ft. The diagrams referred indicate that section 
required. For this section, 121.9 and 5.41. Therefore, the 
allowable stress predicted with sufficient accuracy Eq. Using Eq. 

105, and 23.3, which indicates that Eq. error some- 
what over 5%. Instead checking with Eq. 105, the second term the 
brackets Eq. 104 may calculated. found 0.078, which shows 
that Eq. underestimates the allowable stress about 7%. 


Construction Manual,” 5th Ed., 1947, 286. 
Ibid., 203. 


the 
itu- 
The 
dure 
4 


958 GAYLORD LATERAL BUCKLING Discussions 


ment 400 kip-ft. The diagram shows that 24WF110 the lightest section 
that can used. For this section, 288/108 2.67, and, since the dia- 
gram also shows that the allowable stress was reduced for buckling, the section 
may unnecessarily large. Using Eq. 105, 25.5. 

The allowable stress for 24WF100 section given Eqs. 99b, 1026, and 
104 21,100, 20,800, and 22,200 per in., respectively. From Eq. 
with the factor safety used obtain Eq. 99b, 22,300 per 
cording Eq. however, 16,100 per in. Since the more nearly 
correct values exceed the stated maximum allowable 20,000 per in., 
249 


the allowable moment 415 kip-ft. Because the moment due 


its weight only 7.2 kip-ft, the 24WF100 satisfactory. Thus, this ex- 
ample, few minutes the designer’s time saves 240 steel. 

Example 3.—A simply supported beam span resist mo- 
ment 490 kip-ft. From the diagram, 30WF124 24WF120 section may 
used. The diagram shows that the allowable stress for 24WF120 greater 
than 20,000 per in., and there need investigate the 12-group 
further. However, the allowable stress for 30WF124, given Eq. 
below 20,000 per in.; and may underestimated. The ratio 
216/105.1 2.06 shows this the case; or, using Eq. 105, since 
7.2 and 18.8, the allowable stress seen underestimated 
considerably. 30WF108 section, the allowable stress given 
99b, 104, and 22,500, 22,600, 24,400, and 21,300 per in., 


_respectively. According Eq. 14,900 per in. Then 


498 kip-ft. The moment due the weight the beam 4.4 
kip-ft. this example, the weight saving 10% compared section 
24WF120, and compared 

The foregoing examples have been chosen show extreme differences; 
true that there are many cases which comparable savings could not 
made because the necessarily limited range standard sections. has 
been assumed that Eqs. apply long the critical stress less than the 
yield point (assumed about 33,000 per in.). Strictly speaking, the 
equations are not correct the critical stress exceeds the proportional limit. 
Transition curves accompany the equations this discussion could un- 
doubtedly developed, but the writer did not attempt them. The 
transition equations are subject errors comparable those Eq. 
examples might give the impression that Eq. errs only when the critical stress 
the region the proportional limit carbon steel. illustrations will 
show that this not the case. The critical stress for 12-in. 
critical stress 13,900 per For 8WF17 section span ft, 
and give 22,400 and 27,000 per in., respectively. pertinent 

Construction 5th Ed., 1947, 24. 
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observe that the difference between the two equations even more sig- 
nificant for beams high-yield steel. 

Since there are some types loading which subject beam pure flexure, 
least approximately so, formulas for the critical stress for this case may 
useful. Substitution the value from Eq. 93, given the first two 
terms the binomial expansion Eq. leads the following formulas for 
the bending critical stress pure bending: 


23.5 


The coefficient the second term the brackets and parentheses has been 
reduced from the value obtained through the binomial expansion. For 
from the values computed with given Eq. 93. The second term 
the brackets 107a may omitted and the corresponding 
term Eq. 107b may omitted 10. The maximum error resulting 
from these omissions about —5%. The value may computed from 


Eq. 100 Eq. 103 tables the factor are not available. 

Mr. Vries commended for having presented design formula for 
beams subject lateral buckling which, although eminently simple form, 
far superior previous formulas. most cases predicts the critical 
stress with good degree accuracy. The writer has shown how the designer 
may determine the precision the formula for any case, and easily obtain 
better estimate when necessary. Furthermore, since either Eq. 102b 
simpler use than Eq. 104, the writer suggests that the American 
Institute Steel Construction list future editions its manual values the 
factor not only because useful the problem lateral buckling beams, 
but also because necessary the analysis torsion. 
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MATRIX ANALYSIS CONTINUOUS BEAMS 


Discussion 


interesting and instructive. reader with theoretical turn mind, the 
study this paper will undoubtedly source pleasure and inspiration. 
Practicing engineers, however, have their disposal other more elementary 
methods stress analysis, which not require the mathematical training and 
equipment necessary for the intelligent use the method presented. 

brief and unusually clear introduction the matrix algebra given 
the author for the benefit those not familiar with the subject. 
without systematic study matrices doubtful whether the author’s 
methods can used profitably. 

The main practical difficulty arising the stress analysis hyperstatic 
structures the solution linear nonhomogeneous algebraic equations obtained 
from considerations structural deformation. certain extent, the best 
methods are those which reduce the number these elastic equations 
minimum, eliminate them entirely. The relaxation methods stress analy- 
sis meet this requirement. However, their very nature the matrix methods 
not. 

The solution linear nonhomogeneous algebraic equations means 
matrices identical Cramer’s rule given the theory determinants. 
Although this rule leaves nothing desired theoretically, practice 
almost useless. the same token, matrix methods for formal, shorthand 
solutions have equals. numerical problems, however, their usefulness 
rather restricted. The greatest success has been achieved the application 
matrix methods the solution linear ordinary differential equations with 
constant coefficients. this case, use made the matric-exponential 


paper Stanley Benscoter was published October, 1946, Proceedings. Discussion 
this paper has appeared Proceedings, follows: February, 1947, Oesterblom, and Harris Solman; 
and May, 1947, Rufus Oldenburger, Horace Johnson, Lloyd Cheney, and Paul Norton. 
Asst. Structural Engr., Pacific Electric Railway Co., Los Angeles, Calif. 
and Tensor Calculus,” Aristotle Michal, John Wiley Sons, Inc., New York, 
20. 
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The statement made that the stiffness factors are always positive. This 
is, course, only true the deformation due shears, which are produced 
the moments the joints, neglected. this shearing deformation greater 
than the bending deformation, the stiffness factors become 

Inasmuch the division two matrices cannot performed directly, the 
great importance the inverse matrix, which transforms the division into 
multiplication, becomes apparent. Therefore, mnemonic check the cor- 
rectness the computed inverse matrix can some value. Using the 
matrix (Eq. 38a) and its inverse (Eq. 41) the self-explanatory checking scheme 


(3)(11) 
(1)(—2) 
(2)(7) 


- 
~ 


(1)(11) (1)(2) 


Division the bold-face numbers this scheme, the determinant the 
given matrix (in this case 45), gives the unit matrix Kronecker’s delta. 
Thus, Eq. satisfied. 

The inverse two-row square matrix obtained simple manner 
changing the signs the elements the secondary diagonal and inter- 
changing those the principal diagonal. The result then divided the 
determinant the original matrix, which for unit matrix equal one. 

Practically, the application matrix methods the analysis continuous 
beams means the slope-deflection equations and the three-moment equa- 
tions not simple, although formally the process excellent. requires 
more numerical work than the corresponding older methods. addition, the 
slope-deflection equations are solvable iteration, and the shearing de- 
formation predominates, the three-moment equations can also solved 

The most valuable section the paper the treatment the moment- 
distribution method from advanced mathematical point view. 


Deformation Continuous Beams and Rigid Frames,” Floris, Journal, ACI, 
1937. 


Ausgleichverfahren,” Floris, Beton Eisen, May 20, 1939. 


1937, 


Deformation Included Three-Moment Equation,” Floris, Civil Engineering, October, 
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the previous parts the paper, the reader refreshed the exact formula- 
tion and generality the statements contrasted the oversimplified and, 
some extent, dull treatment accorded them the ordinary textbooks. 

The continuous beam comparatively simple element the analysis 
structures. regretted that the author did not include 
the more complicated continuous and multiple-story frames, inasmuch the 
acid test any new method lies the analysis multiple-story frames, for 
which simple and speedy methods are much needed. 

conclusion, the writer wishes congratulate the author upon his efforts 
bring the attention structural engineers the fruitful and elegant methods 
matrix algebra through this pioneer work considerable scientific value. 
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STABILITY SOIL SLOPES 


Discussion 


JACOB FELD, AND EARL BUCKINGHAM 


ASCE.—The thesis the paper prove—by ex- 
periment, experience, deduction from the measured stress distribution 
gelatin models, and from mathematical analysis stress distribution 
idealized soil masses—that failure within soil body results from plastic 
strain. Plastic failure methods applied cohesive materials are consistent 
with present thought; but, when the failure pure granular materials 
likewise explained, new concept has been added. 

The basic differences shear deformations different states materials 


have been explained When perfectly elastic solid 


subjected shearing force, strain develops and disappears entirely when 
the stress removed. this case elastic deformation, there per- 
manent displacement and, therefore, flow. the solid not perfectly 
elastic, part the deformation remains permanent displacement and 
work has been performed overcoming the internal resistance the material. 
The flow resulting the displacement may three types: 


Viscous linear flow which the amount the deformation pro- 
portional the acting force, although such relationship may not become ap- 
parent until the force has acted over measurable time period; 

Hydraulic turbulent flow; and 

Plastic flow which the slightest shearing force starts deformation 
which continues indefinitely. 


The phenomenon, plasticity, contains the concepts internal friction and 
mobility, acting simultaneously. True plasticity can only exhibited 


material the fluid state, for, when the material changes solid state, 


deformation ceases. 


Nor 
this pape 
tarioff 


Cons. Engr., New York, 
and Bingham, McGraw-Hill Book Co., Inc., New York, Y., 1922, 


paper Ek-Khoo Tan was published January, 1947, Proceedings. Discussion 
has appeared Proceedings, follows: May, 1947, Paul Baumann, and Gregory Tschebo- 
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The laws friction solids and the laws friction during viscous flow 
are quite solids, frictional resistance is: (1) Directly propor- 
tional the component the exterior forces acting normal the surface 
rupture; (2) greater before the beginning motion than during motion; and 
(3) independent the area contact. For viscous flow, frictional resistance 
is: (1) Independent the load; (2) equal zero the velocity zero and 
directly proportional the and (3) proportional the area contact. 

liminary his studies the rupture bodies, pressure earth, 
and equilibrium arches. postulates that: 


Frictional shear failure resistance proportional the pressure acting 
normal the failure surface; and 

Cohesion measure the resistance which body presents dis- 
union into two parts, and homogeneous mass the cohesion proportional 
the area the section separation. 


The author’s statement that failure earth slopes plastic phenomenon 
requires the assumption that the materials immediately adjacent the frac- 
tures are fluid condition; otherwise failure would localized and not 
progressive. Examination slide failures soil masses indicates that such 
assumption possible. explains the existence void spaces along the 
rupture surfaces. Discrete particles solid matter motion are fluid. 

the list references proving the existence curved rupture surfaces, 


the author should add Coulomb’s derivation the same type 

somewhat involved mathematically, but, nevertheless, the earliest deriva- 
tion the rupture curve soil having both frictional and cohesive 

The apparatus used the author induce variable cohesive properties 
granular soils ingenious. For materials with high angles slope, the fixed 
bottom surface will affect the properties the internal mass. The diagram 
Fig. does not give the angle the side walls, but the gelatin models Fig. 
show angle apparatus tests should repeated with bottom 
sloping downward from the toe, that the angle soil least large 
the largest angle natural slope measured. 

The artificially induced partial evacuation granular ma- 
terials brings mind interchange discussions between the late 
Parsons, ASCE, and the writer about 1932. attempt explain why 
readings lateral pressure tests were lower than expected, Mr. Parsons” 
postulated the existence partial vacuum the soils tested. The writer 
summarized his arguments showing how the existence cohesion within 
soil mass gave the necessary explanation the pressure readings and the 


and Bingham, McGraw-Hill Co., Inc., New York, Y., 1922, 
Chapter 


sur une application des régles maximis minimis quelques problémes des 
relatifs l’Architecture,” Coulomb, 1773 Mémoires mathematique présentés Académie Royale 
des Sciences par divers savants, Vol. 1776. 


Ibid, 345, Propositions and 12. 
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internal stress relationship was the same when partial vacuum was 

sections and under the heading, Investigation Soil Slopes 
the author distinguishes between the angle repose phenomena 
“dry cohesionless purely surface readjustment and 
hesive deep-seated internal rupture. There must zone 
gradation action, and some relationship between the minimum cohesion 
(probably ratio internal frictional resistance) soil place into 
the soils that show the superficial phenomenon are not 
totally lacking cohesion. 

The author explains the existence cohesion natural soil deposits (sec- 
tion the result capillary forces the moisture between the finer soil 
grains. This explanation not probable. The writer has experimented with 
pulverized bentonite colloidal natural clay) which when perfectly dry shows 
cohesive properties and acts exactly the same very finesand. However, 
very slight moisture content makes the bentonite slimy gel. Dry particles 
cannot packed close enough (in soils) permit intermolecular attraction. 
Powders can made stick together without adding fluid medium, but 
only under very high pressures. the other hand, thin moisture films will 
draw particles closely together; but, even this case, the force capillarity 
the moisture films much larger than the gravitational attraction between 
the molecules the separated particles. 

Cohesion more likely generally explained the interplay dis- 
similar materials intimate contact. For instance, the introduction 
liquid into granular mass results cohesion only the solid aggregate 
wetted the liquid. the liquid does not wet (adhere to) the solid grains, 
the physical resistance the granular mass not increased. Actually, for 
some lubricating types liquids, the internal friction may decreased. 
gas and liquid are added granular mass, with conditions such that the 


gas occluded the surface the grains and the liquid tends dissolve the 


gas, very plastic mix obtained. Similarly, large cohesive properties result 
from the addition colloidal ingredients the mixing materials which form 
colloidal covering the soil grains. Any these conditions increases the 
disunion” between grain particles, the increase being many times 
the natural gravitational attraction like grains each other. The author’s 
experimental method permits study varying equivalent cohesive strengths 
any type soil easily made. 

The results given Fig. zero vacuum, for loose and dense sand are 
not consistent with the values Possibly, the dashed line extrapola- 
tions Fig. should eliminated, and the graphs for loose and dense state 
extended meet value 36° for the angle slope with vacuum acting. 

section the test results, the author reports linear relation between 
the critical height unsupported embankment and the cohesion the soil. 
1773 Coulomb developed formula for the height bank which will 
stand vertically unsupported 
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Cohesion Soils,” Jacob Feld, Civil Engineering, April, 1934, 219. 
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which the coefficient cohesion; and and are coefficients depending 
the weight the soil and value the internal friction, such that the earth 
equals: 


Coulomb’s result also gives linear relation between the free standing height 
and the cohesion 

All the author’s methods, well the reports Moulton?’ and the 
Members, ASCE, and the references listed the author under the heading, 
“Introduction,” tend toward solution defining the surfaces rupture and 
stable unsupported slope conchoidal (Mr. Moulton),hyperbolic 
(Mr. Molitor), and sometimes spiral. The unanimity determination the 
form the curve—namely, concave; yet, the problem cannot declared 
solved long the largest experimental report, from the Panama Canal slide 
correction work, gives just the opposite type curve, definitely 


paper has required considerable amount painstaking work. the writer, 
however, seems that the planning and interpretation were not commensurate 
with the effort expended the laboratory. Tests simple working lump 
clay between the fingers will demonstrate the fallacy trying simulate 
the action impervious cohesive soil increasing the friction sand. The 
capillarity, molecular attraction, and pore pressure are much too 
complicated replaced simple external pressure. Part the paper 
must therefore considered applicable only clean dry sand. 

Although the internal structure clay has been known for the 
profession has been slow accept the application this knowledge. Soils 
that have high percentage sand possess true internal friction, and some 
the more permeable silt clays may consolidate rapidly enough develop 
increase strength when loaded. However, the application the Coulomb 
conception cohesion plus friction impermeable clay may highly 
misleading. This true even though values and “friction” 
may have been determined the laboratory. 

Consolidation frequently difficult prevent the laboratory; but 
might occur very slowly the natural deposit from which the sample was 
taken. Instead developing more frictional resistance, increase loading 
might cause sufficient deflection develop dangerous pore pressures and ma- 

Transactions, A.I.M.M.E., 1920, Section 13, pp. 1-20. 

Transactions, ASCE, Vol. LX, June, 1908, 

Journal, Assn. Eng. Societies, Vol. 13, 1894, 12. 

Engineering News-Record, Vol. 85, 1920, 1268. 

Vol. 86, 1921, 439. 

Ibid., July 16, 1931, 93. 

Proceedings, ASCE, February, 1947, 179 and 185, Fig. 


Draftsman, City Oakland, Oakland, Calif. 
Structure and Its Importance Foundation Arthur Casagrande, 
Journal, Boston Soc. Civ. Engrs., April, 1932. 
Report the Special Committee Earths and Foundations,” Proceedings, ASCE, 
» 
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terially reduce the shearing strength. Figs. and show typ cal results 
some shear tests made recently the writer with equipment the three-ring 
type. Fig. represents unconsolidated estuary mud composed par- 
ticles the silt and clay sizes. Each sample had constant shearing strength 
for all normal pressures below critical value which the granular structure 
broke down and the mud began liquefy and lose its strength. 


0.3 


0.2 


Shearing Strength, Kips per Square Foot 


Normal Kips per Square Foot 


Tests, Estuary Mup 


After the principle had been demonstrated with mud, attempt was made 
obtain the same effect with stiff and fairly dry marly clay, shown 
Fig. 18. The sample was 
first tested zero normal 
load, and failed shearing 
load 3,030 per ft. 
After shifting the sample 
expose new shear faces, 
normal load 12,700 per 
was applied. When the 
shearing stress reached 3,030 
per ft, water appeared 
the surface the sample 


Water appeared 
between rings 


Shearing Strength, Kips per Square Foot 


Normal Pressure Kips per Square Foot 
did not occur until the shear 
IG. .— SHEAR ESTS, VIARLY LAY 
load reached 5,760 


ft. the natural deposit, the escape even small quantity water 
might not possible, and slow failure might begin the stress under which 
water began extrude from the test sample. casually run test would have 
indicated friction” 12° 10’. 

Because saturated clay ordinarily loses its strength when deformed, 
complete failure may result from local concentration stress even the 
average stress below the safe strength the soil. Progressive failure this 
type common natural slopes; but not considered any analysis based 
plus “friction.” 

Part section Mr. Tan states: significance factor safety 
less than unity failure not fully Lack understanding 
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this respect due the failure distinguish between the angle internal 
friction and the angle repose. For the analyzed, the angle internal 
16.95 
20.95 
circular arc does not involve internal deformation, and the ouly resisting forces 
are those acting the failure surface. Hence, the condition that causes 
failure comes into being slowly, the factor safety failure cannot less 
than unity. Other failure sections, such logarithmic spiral broken 
line, involve internal deformations which are not ordinarily considered the 
computation. For this condition, computed factor safety less than 
unity possible. Assumed failure sections all types are arbitrary and prob- 
ably differ from the section least resistance along which failure will occur. 
Therefore, factor safety greater than unity failure least theo- 
retically possible for all assumed sections. Uneven distribution stress should 
not major importance when dealing with material that can yield without 
losing its shearing strength. were factor, would increase rather than 
decrease the apparent factor safety failure. 

The author does not state how computed the distribution shearing 
stress the Swedish arc method. Although the interfacial pressures between 
slices are neglected when dealing with the whole, they are quite im- 
portant when considering individual slice. The distribution both stress 
and frictional resistance depends these pressures, and method solution 
would considerable interest. 

The straight-line relationship between critical height vertical bank and 
vacuum not surprising. Considering unit thickness, volumes and weights 
vary the square the linear dimensions, whereas the areas which the 
vacuum applied vary the first power. Therefore, necessary for the 
vacuum vary the dimensions maintain similitude. The relation be- 
tween vacuum and angle slope not simple geometrically, but could 
probably reduced constant coefficient friction the shapes the 
failure sections were known. writer that Mr. Tan include, 
his closing discussion, detailed measurements representative failure sec- 
tions which produced. may well prove the most valuable part 
the investigation. Unless actual slip has occurred and has been located, 
current methods analysis depend assumed section. Although the 
various methods yield fairly comparable results, experimental data might make 
possible more intelligent choice between the several conventional sections. 


friction, 39°. Failure along either straight line 


Corrections for Transactions: January, 1947, Proceedings, page 25, 
lines and 17, change the slope” the sliding curve”; 
and, page 33, the right-hand side Eq. 6b, change the denominator the 
first term from the numerator the last term Eq. 6b, change 
the third term Eq. 7a, change the sign from minus plus; 
and change the coefficient the last term Eq. 
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RATIONAL EXPLANATION COLUMN 
BEHAVIOR 


Discussion 


minous literature column behavior, new paper the subject should per- 
form one two functions: Set forth solutions for problems hitherto unsolved, 
present more convenient methods for applying existing solutions the prac- 
tical column. The author’s work theoretical columns interesting that 
with some changes notation, problem solutions which are readily 
Indeed, many these solutions date back the Euler-Bernoulli correspond- 
ence concerning problems the about 1740. 

studying this paper, the writer hoped that would contain forms 
which would permit more convenient computations practical col- 
umns. However, the methods used the section dealing with practical 
columns seem much more cumbersome than existing methods. For ex- 
ample, the results Col. 13, Table which give deflections for Fig. were 
checked with brief half page computation the use the numerical 
procedure Newmark, ASCE, combined with the relation 


$9046 


which the additional deflection due load the sum the initial 
deflection and the deflection due lateral load; the critical buckling load; 
and the applied end load. The results obtained from this computation 
agreed with those the author within 1%, which certainly adequate for 
practical purposes. similar saving the labor computation, although not 


paper Frederick Ryder was March, 1947, Proceedings. Discussion 
this paper has appeared Proceedings, follows: May, 1947, Robinson Rowe, and George Winter. 
Asst. Prof., Civ. Eng., Cornell Univ., Ithaca, 


Elastic Timoshenko, McGraw-Hill Book Co., Inc., New York and 
London, Ed., 1936. 


Transactions, ASCE, Vol. 108, 1943, 1181, Eq. 
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marked, may made the application the same technique the prob- 
lem Fig. 

Although the author’s equations for the calculation deflections are ade- 
quately tied with computations stress, not made clear just how 
buckling loads are determined for the practical column which fails 
elastic buckling instead yielding. The relationship between deflections 
and buckling loads emphasized Professor Newmark’s method, and the 
buckling load obtained conveniently the process solution. 

Since there are practical problems (although not necessarily bridges and 
buildings) which elastic buckling occurs before yielding the column, the 
writer fails see any advantage clarity theory simplicity application 
for the author’s methods over processes already available. 


ling the elastic range was first developed almost ninety 
years ago, recapitulation for the average practical engineer still appears 
praiseworthy. Mr. Ryder’s paper presents excellent résumé the theory, 
together with enlightening discussion relating the stability the columns. 
Several points, however, are need further clarification. 

the summary Section was concluded that values P/A 
close the the deflection indeterminate, and may assume any fairly 


small This was supposedly proved showing that the curves 


simple matter show that when two curves are tangent each other 
they need not necessarily meet more than one point. course, they may 
prove that there actually only one point which these two curves meet, 


the critical load the deflection zero, and any other load close 
the critical value the deflection, however small, has definite value and can 
calculated from Eq. 13. When this proved, Eqs. 29a and are equal 
only the point and not any other point points close 
and the original conclusion (3) therefore incorrect. 

Mr. Ryder mentions the that merely re-emphasizing the 
well-known fact that the critical point the deflection indeterminate. The 
so-called fact accepted such because most writers strength 
materials deal only with the linear theory and, therefore, reach that erroneous 

Asst. Prof. Aeronautical Eng., Daniel Guggenheim School Aeronautics, New York 
New 


Gleichgewicht und die Bewegung eines unendlich elastischen 
Kirchhoff, Journal fiir reine und angewandte Math., Vol. 56, 1859. 


then equal the elliptical integral the right-hand side will 
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conclusion. Actually, from the nonlinear theory, clear that the so-called 
“buckling the load which the straight form the ideal column begins 
unstable. any load greater than the critical load, the column has two 
possible forms equilibrium, the straight form, which unstable, and the bent 
form, which stable. For any load which less than, equal to, the critical 
value, the ideal column has only one form equilibrium, namely, the straight 
form. Accepting the result obtained from the linear theory, some writers 
consider the equilibrium the critical load neutral equilibrium since the 
then seems indeterminate. evident that such terminology 
the not correct the strict sense. 

Another objection may raised with respect Fig. which Euler’s 


column formula has been extended the yield point the material. should 
noted that Mr. Ryder’s theoretical discussion does not hold true the stress 
the elastic limit the material, namely, the proportional limit. For 
some alloy steels the proportional limit: approximately 90% the yield 
Perhaps these cases, large factor safety used, diagrams such 
ory, Fig. could accepted for design purposes, the usual practice civil 
engineers. For aeronautical engineers, who have deal with aluminum alloys 
most the time, this practice has long been found unsatisfactory because 
proportional limit some cases only about 50% the yield stress. 
Since the author interested the explanation column be- 
sof the writer feels that this point worth mentioning. The most ac- 
curate experiments columns, the present time, probably were those 
made the Berlin-Dahlem material testing laboratory using very elabo- 
ther construction for the end supports the columns.” For structural steel 
columns with yield stress 45,000 per in., the test results show that 
eet, there marked deviation from the Euler curve above 39,000 per 
Theoretically, the use Euler’s 
column formula for stress beyond 
Eq. the proportional limit cannot con- 
proportional limit and the yield stress 
should use the tangent modulus 
tis, formula, which recently has been veri- 
the tangent modulus the ma- 
the terial and defined the slope the compressive stress-strain curve 
The the stress corresponding The same objection can applied 
Fig. 
Jniv., Cong. for Applied Mechanics, 1926, pp. 357-363. 
Elastic Stability,” Timoshenko, McGraw-Hill Book Co., Inc., New York and 
Ed., 1936, 174, Fig. 109. 
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point for actual column. This statement indeed very true. one uses 
the linear theory, the load versus deflection curve column com- 
pression approximately rectangular hyperbola with asymptotes 
interesting, because from the tests actual columns the buckling load 
corresponding ideal column can approximately determined. Thus, rela- 
tion between the theoretical discussion ideal columns and the testing 
actual columns can obtained. obvious that when not small the 
nonlinear equation must used; the theoretical discussion actual columns 
will yield result concerning the buckling load. 

The behavior ideal and actual columns obtained 
from various rational theories can summarized 
Suppose that the column slender and that the 


material can sustain the compressive stress without 


failure elasticity. The loading ideal column will 
follow the curve OAB according the linear theory and 
OAC according the nonlinear theory. some point 
curve OAC, the deflection large that the sum 
direct compressive stress and bending stress due the 
bending moment sufficient produce elastic break- 
down. Beyond this point the actual curve AGH will 
begin drop away from AC, since the material can now 
sustain less stress than before. For actual column 
with initial deflection the loading the column 
will follow the curve according the linear theory, 
and the curve according the nonlinear theory. 
point the maximum stress the column reaches the elastic limit and then the 
actual curve DIJ will drop away from DF. should noted that the upper 
part curve approximately rectangular hyperbola which approaches 
asymptote. 
conclusion, the writer wishes congratulate Mr. Ryder his clear 
presentation the nonlinear theory which will clarify for many engineers the 
questions their minds the behavior columns. 


Proceedings, Royal Soc. London, Vol. 135, 1932, pp. 606-616. 
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FRICTION COEFFICIENTS LARGE TUNNEL 


Discussion 
WESTON GAVETT 


Weston Assoc. ASCE.—Friction coefficients for large 
tunnels with three types wall surface such described are great interest. 
Apparently the piezometers were located 

with difficulty, for some instances several 
types and sizes tunnel with bends and 


transitions are included between piezometers, 


the coefficient for each part. Table |Column 

Figs. and 12, showing the relation (2) (3) (4) 
the 18-ft diameter steel pipe but show 
for the 18-ft diameter concrete tunnel 


Unlined = 8 
the unlined rock tunnel. straight 


shows that the exponent the equation 
2.00. the friction 
loss for the 18-ft steel 
pipe, for which 2.00, 
Length Diam- Roughness was obtained 

Type conduit straight run between 

in. 
points and with 


TABLE HEIGHT 
FoR CONDUITS 


the unlined rock 
tunnel are, fact, more and less, respectively, than whether the varia- 
tions are due the assumptions made arriving the coefficients. 


Asst. Engr., Clyde Potts, New York, 
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computation, the writer obtained the values shown Table 10, 
using figures for cubic feet per second, from Table Cols. and 13, and 
losses from other the paper shown Cols. and Table 10. 
will noted that the values vary only slightly from for the observed 
data sections A-B, B-C, and D-E. 

special interest the finding that Eq. derived from experiments with 
2.5-cm, and pipes, gives plausible results for the roughness height 
for the 18-ft 22-ft diameter tunnels. Use the same equation compute 
the roughness height pipes described gave the results shown 
Table 11. The sand size appears practical standard 
for evaluating wall roughness, comparing different types pipe, and indicating 
the growth roughness height with age. Obviously, many types roughness 
are not similar uniform sand; but some standard desirable, and any form 
roughness may referred Nikuradse’s sand equivalent sand size 
was done Von for various forms artificial roughness. 


Coefficients Large Pressure Charles Capen, Journal, A.W.W.A., January, 
1941, p. 1. 


Capen, April, 1942, 524. 


und Geschwindigkeitsverteilung von turbulenten Wasserstromung glatten 
und rauhen Proceedings, III International Cong. Technical Mechanics, Stockholm, 1930. 


rauhen Rohren,” Forschungsheft, Vereines Deutscher Ingenieure, Heft 361, 


Untersuchungen zum Von Schlichting, Ingenieur- 
Archiv, Vol. VII, No. 1936. 
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EXPANDING ICE SHEET 


Discussion 


EDWIN ROSE 


conditions ice sheet are governed 
the fundamental equation for the case one-dimensional flow heat: 


Schmidt gives approximate method for determination tempera- 
tures satisfy Eq. under various boundary conditions. Use this method 
illustrated the following example. Temperatures are computed 
ice sheet thick based the assumptions given Section for curve 
Fig. 2(a). The 2-ft ice sheet assumed divided into eight slabs equal thick- 


DEGREES FAHRENHEIT 


TIME FROM Top SuRFACE 


(1) (2) (3) (4) (6) (7) (8) (9) (10) (11) 


ness, AL, equal 0.25 ft. From Eq. the time interval, At, equals 0.72 hour. 
Kq. the temperature gradients time intervals are computed shown 
Table 


paper Edwin Rose was published May, 1946, Proceedings. Discussion this paper 
Proceedings, follows: December, 1946, Ernest Brown, and Robert 
y. 

Bureau Reclamation, Dept the Interior, Denver, Colo. 


Numerals parentheses, thus: (11), refer corresponding items the Bibliography (see Appendix 
the paper), and the end discussion this issue. 
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Use Eq. typical computation shown selecting three 


and 

incl 

the 

LA 2. 

| 

Solar Energy Considered 


See Fig. 2(6) Curve 


-20 -10 +10 +20 +30 +40,0 
Temperature, Degrees Fahrenheit Pressure, Kips per 


Table The temperatures may computed this manner the 
graphical method indicated Mr. McGrath. Determination temperature 
changes ice sheet solution Eq. for various exposure conditions has 
been obtained Taylor. 
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Figs. and show estimated temperature gradients and the corresponding 
pressure curves and total thrusts for several selected examples covering fairly 
broad range conditions. Fig. gives curves and data for 2-ft ice sheet 
with air temperature rises 10° and per (see curves 
and Fig. 2(a)), and also for the case per with solar energy effects 
included discussed Section (see curve Fig. Fig. illustrates 
the temperature gradients and pressures developed for 1-ft and 4-ft ice sheets 
with assumed air temperature rise 10° per (see curve Fig. 2(a)). 


Feet 


in 


Thickness, 


tce 


1-FT ICE THICKNESS; 


Fie. TEMPERATURE CURVES AND 


The temperature gradients shown Figs. and are estimated for 
time increments. From these several temperature gradients, the pressures 
the selected depths the ice sheet are determined the data given Fig. 
and pressure curves are drawn for several periods time. These pressure 
curves are shown Figs. and for times corresponding the temperature 
curves. summation the area under these curves, the total thrust de- 
veloped per linear foot the various times given Table The last 
value for each condition Table corresponds the value thrust per linear 
foot plotted the appropriate curve Fig. 

Results Mr. McGrath’s analysis ice pressures for assumed air 
temperature rise 10° per hr, given Figs. and and Table show 
good comparison with data presented Figs. 2(a), and Mr. McGrath 
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presents the pertinent thought that pressures likely develop thick ice will 
probably less than those obtained the analysis. The writer agrees that 
some reduction the pressures shown Figs. and for ice sheets 
thicker than would seem justified due the unlikely occurrence the 
assumed constant air temperature 32° 

ture from —40° Inspection the 
pressure curves given Fig. for the Total 
4-ft ice sheet reveals that the maximum thrust 


the ice not reached until about 
hours after the beginning the tem- 
perature rise. addition, the high 
the ice occur within the first hours; 
therefore, because the tendency flow 
under load, this high pressure would very 
likely reduced appreciably before the 
maximum pressures the greater depths 
are reached some hours later. This 
consideration serves substantiate the 5.0 
belief that the curves Fig. are very 

estimating the pressures for lateral 
0.25 and 0.50, Mr. McGrath provides 
considerable range values, from which 
the designer exercise judgment 
may select design values fit particu- 
lar case. The use Poisson’s ratio 
conditions. Ice pressures determined 9.1 


the basis Poisson’s ratio 0.365 and 
the assumption elastic behavior are 
believed sufficiently conservative. 
tic behavior ice, assumed computing lateral restraint effects, ap- 
proached only when the temperature change the ice very rapid and the 
flow strain small—a condition which rarely occurs, particularly any con- 
siderable depth the ice sheet. view the uncertainty the value 
Poisson’s ratio for ice, the use range values may desirable, but 
lower top value suggested. 

The tabulation ice thicknesses recorded reservoirs and lakes 
various projects listed Mr. Kennedy Table worthy contribution 
data. Credit also due those men the field who performed the difficult 
task gathering the data. statistical analysis the data Table 


Solar energy considered. 
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Mr. Kennedy derives Eq. which expresses the maximum ice thickness 
function latitude and elevation. This equation, although limited ac- 
curacy due both the short period record data and the omission 
pertinent factors cited, can used approximate ice thicknesses. be- 
lieved that more adequate expression might derived consideration were 
given air temperatures 
along with the data 
Table fundamental 
factors influencing ice 
thickness. 

Mr. Kennedy, his 
study the listed data, 
plotted the maximum re- 
corded ice thicknesses 
against accumulated de- 


gree-days shown 
Fig. Curve (c) the 


Accumulated Days, Hundreds with curves (b) enclosing 
plotted points. Curve 
(a) represents the growth ice sheet determined the empirical for- 
mula given Dorsey assuming quiet water and snow. Ina 
recent paper (21), Robert Sharp presents similar curve, which falls ap- 
proximately midway between curve (a) and curve (c) Fig. The wide 
range between the empirical curve and the recorded data Fig. prob- 
ably due variation such factors wind, current, snow, cloudiness, etc. 
However, Fig. may used guide predict the expected maximum 
ice thickness, air temperatures are known can estimated. 
personal correspondence with Wing, ASCE, regarding allowance 
made for ice pressure design dams Norway, Thor Brandzaeg states 
although official Norwegian regulations are printed yet: 


(a) Empirical Formula 
Envelope Curves 
(c) Observed Mean 


Maximum Ice Thickness, in Inches 


1938 ice pressure metric tons per meter (6720 lbs. 
per ft.) was used for design dams; since then the ice load has been re- 
duced tons per meter (5380 lbs. per ft.) for dams with vertical upstream 


and tons per meter (3350 lbs. per ft.) for dams with sloping upstream 
aces.’ 


another paper (22), Paul Gisiger, ASCE, states that: 
static ice pressure, except very confined areas spaces, will, 


the most severe climatic conditions, seldom exceed 10,000 per 
in 


The writer agrees with Mr. McGrath that much remains accomplished 
secure better understanding ice pressures. The Bureau Reclamation 
under the immediate supervision Douglas McHenry has undertaken pro- 
secure both field and laboratory data ice pressures and related 
definite results are yet available, but some field work has 


problems. 
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been progress. Professor Brown states, the engineer may not able 
satisfy his desire for precise data and will have use his best judgment after 
careful consideration and study available information. believed that, 
until more precise information available, the material presented the paper 


serves conservative basis for the designer and enables him estimate the 


expected maximum ice thrust the rational procedure indicated. 

The writer wishes express his appreciation those who commented 
this paper. hoped that interest has been stimulated this subject 
hasten the time when there will more definite basis for determination 


ice thrusts, despite the large number variables and the recognized complexity 
the problem. 


(4) “Properties Ordinary Water Dorsey, Reinhold 
Pub. Corp., New York, Y., 1940, pp. 395-510. (a) 409. 
(11) Féppl’s Schmidt, Springer, Berlin, 1924, 179. 
(21) “Suitability Ice for Aircraft Robert Sharp, 
tions, Am. Geophysical Union, Vol. 28, No. pp. 
(22) “Safeguarding Hydro Plants Against the Ice Paul 
Gisiger, Civil Engineering, January, 1947, 24. 


Correction for Transactions: May, 1946, Proceedings, page 581, Figs. 
3(a) and the curves farthest the left should read kips per lin not 


kips per lin ft. 
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